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I 

FOREWORD 

This   s tudy  Was conducted  by GCA Corp.,  Bedford,  Massachusetts 
du r ing   t he   pe r iod  o f  June  1966  through November 1969  under  Contract 
NAS 1-7794. 

For   on-l ine  monitor ing  of   spacecraf t   cabin  a tmospheres  i t  is  
o f t e n   d e s i r a b l e   t o   m e a s u r e   g a s e s   w i t h   n e a r l y   i d e n t i c a l  masses, i . e . ,  
carbon monoxide  and n i t r o g e n  (mass = 28), a n d   s o   f o r t h .   I n   g e n e r a l ,  
i t  would be  necessary t c  employ e i t h e r  a m u l t i p l i c i t y  of ins t ruments ,  
each  designed  to   monitor  a s p e c i f i c   g a s ,   o r  a s o p h i s t i c a t e d ,   h i g h  
r e s o l u t i o n  mass spectrometer .  The photoionizat ion  source  spectrom- 
e t e r ,  because  of i t s  a b i l i t y   t o   s e l e c t i v e l y   i o n i z e   d i f f e r e n t   g a s e s ,  
i s  be ing   i nves t iga t ed  as a p o s s i b l e  means of monitor ing  with a mass 
spec t rometer   o f   modera te   reso lu t ion ,   and   therefore   g rea te r   s impl ic i ty .  
This   approach  has   the  fur ther   advantage  that   dur ing a t  least  p a r t  of 
a r e v o l u t i o n  of t h e   s p a c e c r a f t ,   u l t r a - v i o l e t   r a d i a t i o n   f r o m   t h e   s u n  
can   be   u t i l i zed ,   t hus   r educ ing  demands upon t h e  on-board power supply.  
A d d i t i o n a l   a p p l i c a t i o n  of the  approach i s  p o s s i b l e   i n   s u c h  areas as 
me tabo l i c   s tud ie s   based   on   b rea th   ana lys i s  and  monitoring  of  atmos- 
p h e r i c   c o n s t i t u e n t s .  

The  program w a s  sponsored by the   F l igh t   In s t rumen ta t ion   D iv i s ion  
of the  Langley  Research  Center  and w a s  conducted  under   the  auspicies  
of the  Biotechnology  and Human Research  Division of t he   Of f i ce   o f  
Advanced Research  and  Technology, NASA Headquarters.  

Wesley C .  Easley 
Contract   Technical   Nonitor  

Walton L .  Jones ,   D i rec to r  
Biotechnology  and Human 

Research  Division 
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I 

STUDY  OF  THE  APPLICATION OF A  PHOTOIONIZATION m S S  

SPECTROMETER TO ANALYSIS  OF  CONTAMINANT  GASES 

By Peter  Warneck, -J.  N.  Driscoll,  and  C.  Matthews 

Thirty-two  gases  and  vapors  were  investigated  with  the  photoionization 
mass  spectrometer  described  previously.  Fragmentation  patterns  were  deter- 
mined  at  four  ionizing  wavelengths:  803, 950, 1048,  and  12162,  respectively, 
making  use  of  strong  line  sources.  The  possibility  of  discriminating  between 
isomeric  substances  by  varying  the  wavelengths  was  found  to  exist  for  the 
butenes,  and  butylalcohols,  but  not  for  the  xylenes. In addition  to  frag- 
mentation  patterns,  the  mass  spectrometric  sensitivities  and  detection  limits 
were  determined  to  evaluate  the  potential  of  the  photoionization  mass  spec- 
trometer  technique  for  trace  gas  analysis.  It  is  shown  that  with  presently 
available  light  sources  average  detection  limits  are  about  10  ppm,  in  agree- 
ment  with  previous  results.  An  assessment  is  made  to  show  that  the  detec- 
tion  limits  can  be  improved.  Finally,  the  feasibility  of  utilizing  photo- 
ionization  mass  spectrometry  for  the  analysis  of  space  cabin  atmospheres, 
using  solar  ionizing  radiation,  is  demonstrated. 



I. INTRODUCTION 

The long-term  physiological  and o t 5 e r   e f f e c t s  of  closed  cabin  atmo- 
sphere  contaminants  has  been of cons iderable   concern   in   conjunct ion   wi th  
the  planning of such  programs as long-range space explorat ion,   submarine 
l a b o r a t o r i e s ,   e t c .  Taken together   with  the  problems  ar is ing  f rom  indus-  
t r i a l  and urban   po l lu t ion ,   they   have  created a need f o r   t h e   d e t e c t i o n ,  
c h a r a c t e r i z a t i o n ,  and quan t i t a t ive   de t e rmina t ion  of a tmospher ic   t race  
c o n s t i t u e n t s .  The a s soc ia t ed   gas   ana ly t i ca l   r equ i r emen t s   have   l ed   t o   t he  
development of new and/or improved ins t rumenta t ion .  One  way followed by 
GCA dur ing   recent   years  was t o   i n v e s t i g a t e   t h e   f e a s i b i l i t y  of photo- 
i o n i z a t i o n  mass spec t romet ry   for   the   ou t l ined   task .  The development of 
a mass spectrometer  employing a photo ioniza t ion   source ,  i t s  eva lua t ion  
and f u r t h e r  improvement havebeen   descr ibed   in   severa l   p rev ious   repor t s  
(Ref.  1-3). The unique   fea tures  of  gas a n a l y s i s  by photo ioniza t ion  mass 
spectrometry  have  also  been  discussed  previously  (Ref.  4 - 6 ) ,  and may be 
b r i e f l y  summarized as fo l lows:  

(1)   Photo ioniza t ion  when compared t o   e l e c t r o n  impact   ionizat ion 
e l imina te s   t he  need  of a hea ted   f i l amen t   so   t ha t   de l i ca t e   s amples  do not  
s u f f e r   p y r o l y s i s  a t  the   f i l ament ;   thermal   decomposi t ion   in   the   hea ted  
i o n i z a t i o n  box i s  precluded as w e l l .  

(2 )  The absence of a f i lament   a lso  minimizes   outgassing and memory 
e f f e c t s .  

(3)   Fragmentat ion  in   the mass s p e c t r a   c a n   b e   g r e a t l y   c u r t a i l e d  by 
an   appropr ia te   choice  of i on iz ing   ene rgy .   A l though   t h i s   poss ib i l i t y  
ex i s t s   a l so   w i th   e l ec t ron   impac t   sou rces   t ha t   p rov ide   t he   necessa ry   ene rgy  
r e s o l u t i o n ,   t h e   r e s u l t i n g   i o n   i n t e n s i t i e s   a r e   u n s u i t a b l e   h e r e   b e c a u s e   t h e  
ion iza t ion   c ros s   s ec t ions   fo r   e l ec t ron   impac t   nea r   t h re sho ld   a r e  low and 
they   r i se   on ly   s lowly   wi th   e lec t ron   energy .  The c ross   sec t ions   for   photo-  
i o n i z a t i o n ,  by cont ras t ,   resemble  a s t e p   f u n c t i o n  a t  th reshold  so t h a t  
high  values  are a t t a ined   r ap id ly   w i th   i nc reas ing   ene rgy .  

( 4 )  The use  of a uv  monochromator provides a convenient  narrow band 
ene rgy   s e l ec to r .  An appropr ia te   choice  of ionizing  energy w i l l ,  i n  
p r i n c i p l e ,   e n a b l e   t h e   s e l e c t i v e   i o n i z a t i o n  of some components i n  a complex 
gas  mixture,   whereas  other components wi th   h igher   ion iza t ion   energ ies  are 
not   affected.   This   procedure  can  reduce  the  overlap and i n t e r f e r e n c e  of 
i n d i v i d u a l   c o n t r i b u t i o n s   t o   t h e   o v e r a l l  mass- spectrum. 

While these  features  have  been  demonstrated by previous work i n   t h i s  
laboratory,   the   appl icat ions  were  l imited  to  a few i n t e r e s t i n g   c a s e s ,  and 
i t  remained t o   i n v e s t i g a t e   t h e   c a p a b i l i t i e s  of the   photo ioniza t ion  mass 
spectrometer  on a b r o a d e r   s c a l e .   I n   p a r t i c u l a r ,  i t  was of i n t e r e s t   t o  
i n v e s t i g a t e  mass s p e c t r a   f o r  a v a r i e t y  of  gases and vapors as a func t ion  
of ionizing  wavelength.  From t h e   v a r i a t i o n  of t he   f r agmen ta t ion   pa t t e rns  

2 



with  the  wavelength,   the  optimum wavelength   range   can   then   be   se lec ted   for  
ana ly t i ca l   p rob lems .   Spec i f i ca l ly ,  it was of i n t e r e s t   t o   d e t e r m i n e   i f   t h e  
v a r i a t i o n  of ionizing  wavelength would p e r m i t  the   discr iminat ion  between 
i somer i c   s t ruc tu res .   Th i s   t ype  of  information was t o  be  supplemented  with 
d a t a  on mass s p e c t r o m e t r i c   s e n s i t i v i t i e s ,  as well  as d e t e c t i o n  limits t o   p r o -  
v ide   an   i nd ica t ion  of the   va lue  of the   photo ioniza t ion  mass spectrometer  
t e c h n i q u e   i n   t h e   f i e l d  of t r ace   gas   ana lys i s .  

The p resen t   r epor t   con ta ins   da t a   o f   t h i s   na tu re   fo r  some t h i r t y   g a s e s  
and vapors.  The inves t iga ted   subs tances  are l i s t e d   i n   T a b l e  1. The addi -  
t i o n a l   i n f o r m a t i o n   p r o v i d e d   i n   t h i s   t a b l e   g i v e s   f o r   e a c h   s u b s t a n c e   t h e  
ionization  energy,  the  corresponding  threshold  wavelength,   the  vapor p r e s -  
s u r e  a t  room temperature,  and t h e  maximum permissible   percentage  of   the 
s u b s t a n c e   i n  a c a r r i e r   g a s  below the   condensa t ion   po in t .  Each  of t he  
l i s t e d  compounds was i n v e s t i g a t e d   w i t h   r e s p e c t   t o  i t s  f r agmen ta t ion   pa t t e rn ,  
s e n s i t i v i t y  and d e t e c t i o n  l i m i t .  I n   add i t ion ,   f i ve   mix tu res   con ta in ing  a t  
l ea s t   t h ree   subs t ances  were s tud ied .  

In   Sec t ion  11 of this   report   the   experimental   equipment  and procedures 
a re   desc r ibed .  The r e s u l t s  are g iven   i n   Sec t ion  111. F i n a l l y ,   i n   S e c t i o n  IV 
an  assessment i s  made concern ing   the   appl ica t ion   of   photo ioniza t ion  mass 
spec t romet ry   t o   t he   ana lys i s  of t race   contaminants   in   the   l abora tory   and ,  
by a spec ia l   i n s t rumen t   u s ing   so l a r   i on iz ing   r ad ia t ion ,   t o   t he   ana lys i s  
of spacecraf t   cabin  a tmospheres .  
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TABLE 1 

LIST OF COMPOUNDS  INVESTIGATED,  THEIR 
IONIZATION POTENTIQLS,  THRESHOLD  WAVELENGTHS, 

ROOM TEMPERATURE  VAPOR  PRESSURES, AND THE 
CORRESPONDING  UPPER LIMIT CONCENTRATION I N  A 

CARRIER GAS AT ATMOSPHERIC  PRESSURE 

I O N I Z A T I O N  VAPOR MAX" AMOUNT 

coMl?ouND 
loNIZAT1oN PARENT THRESHOLD PRESSURE OF SAMPLE 

I O N  WAVELENGTH AT 23OC I N  FLASK 
(ev) d e  ( t o r r )  (% 1 

Acetone 
Acetaldehyde 
Al ly l   Alcohol  
Ammonia 
Benzene 
Butene - 1 
cis-Butene-2 
trans  -Butene -2 
n-Butyl  Alcohol 
iso-Butyl   Alcohol  
sec-Butyl  Alcohol 
te r t -Buty l   Alcohol  
Carbon D i s u l f i d e  
1 , 4 -Dioxane 
Ethyl   Aceta te  
Ethylene  Dichlor ide 
Formaldehyde 
Freon 11 
Hydrogen Chloride 
Hydrogen Su l f ide  
Methane 
Methyl  Alcohol 
Methylene  Chloride 
N i t r i c  Oxide 
Nitrogen  Dioxide 
Pheno 1 
Propionaldehyde 
Sulfur Dioxide 
Toluene 
Viny 1 Chloride 
m-Xy lene 
o -Xylene 
p -Xylene 

9.69 
10.21 
9.69 

10.15 
9.245 
9.58 
9.13 
9.13 
9.95 
9.96 
9.85 

10.00 
10.08 
9.13 

10.11 
11.12 
10.87 
11.77 
12.74 
10.46 
12.98 
10.85 
11.35 
9.25 
9.78 
8.50 
9.98 

12.34 
8.82 
9.995 
8.56 
8.56 
8.44 

58 
44 
58 
17 
7 8  
56 
56 
56 
74 
74 
74 
74 
76 
88 
88 
98 
30 

136 
36 
34 
16 
32 
84 
30 
46 
94 
58 
64 
92 
62 

106 
106 
106 

127 9 
12 14 
127 9 
12'2 1 
134 1 
12 94 
1358 
1358 
12 46 
12  52 
1259 
1244 
12 30 
1358 
122 6 
1114 
1140 
1053 
97 3 

1185 
955 

1142 
1092 
1340 
12  67 
145 9 
12  42 
1004 
1405 
12 39 
1444 
1444 
1462 

2 15 31 .7  
> 760 100.0 

22 3 . 1  
> 760 100.0 

86 11.3 
> 760 100.0 
> 760 100.0 
> 760 100.0 

6.2  0.816 
11.0  1.44 
15 1.97 
35 4.61 

330 43.5 
37 4.87 
87 11.3 
76 10.0 

> 760 100.0 
750 98.8 

> 760 100.0 
> 760 100.0 
> 760 100.0 

113 14.9 
390 51.4 

> 760 100.0 
> 760 100.0 

." n o  d a t a - - -  
> 760 100.0 

23 3.03 
> 760 100.0 

7 . 2  0.94 
5 .9  0.77 
7.8 1.02 

0.26  0.034 
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11. INSTRU"AT1ON AND PROCEDURES 

A. General 

The pho to ion iza t ion  mass spectrometer employed i n   t h e   p r e s e n t   s t u d y  
has been   desc r ibed   i n   de t a i l   i n   p rev ious   r epor t s   (Re f .  1-3). Br i e f ly ,  
the  arrangement i s  as f o l l o w s :   l i g h t   i n  the extreme uv s p e c t r a l   r e g i o n  i s  
genera ted   in  a d ischarge   source ,   d i spersed  by means of a Seya vacuum 
monochromator,  and  passed  through the i o n i z a t i o n  chamber  of a mass spec- 
t rome te r .   The   l i gh t   i n t ens i ty  is monitored  with a sodium s a l i c y l a t e  
coa ted   photomul t ip l ie r .   Ions   formed  in   the   ion iza t ion  chamber  by  photo- 
ion iza t ion   of   the   sample   gas  a r e  ex t rac ted ,   acce le ra ted   and   focused  
on to   t he   en t r ance   ape r tu re   o f  a magnet ic   ana lyzer   which   se rves   to   separa te  
the   va r ious   g roups   o f   i ons   acco rd ing   t o   t he i r  mass t o   c h a r g e   r a t i o .  The 
ion  current  emerging  from  the ex i t  o r i f i c e   o f   t h e   a n a l y z e r  i s  de tec t ed  
and   conver ted   to   an   ampl i f ied   e lec t ron   cur ren t  by a n   e l e c t r o n   m u l t i p l i e r .  
The s i g n a l  i s  f u r t h e r   a m p l i f i e d   w i t h   a n   e l e c t r o m e t e r .   D i f f e r e n t i a l  pump- 
ing  i s  employed t o   a c h i e v e   t h e   r e q u i r e d  low p r e s s u r e s   i n   t h e   l i g h t   s o u r c e ,  
t h e  monochromator, t h e   i o n i z a t i o n  chamber, t h e   i o n   a c c e l e r a t i n g   r e g i o n ,  
and  the  magnetic  analyzer.   This i s  accomplished by t h r e e   d i f f u s i o n  
pumps - one  each  for   the  monochromator ,   the   accelerat ing  region  and  the 
magnet ic   analyzer  - backed  by a mechanical pump. A second  mechanical 
pump i s  used  to   maintain a s u f f i c i e n t   p r e s s u r e   d i f f e r e n t i a l  between the 
l igh t   sou rce   s ec t ion   and   t he  monochromator. Auxiliary  equipment  includes 
power supp l i e s ,   e l ec t ron ic   con t ro l s ,   and  pressure gauges. A complete 
l i s t  of t h e   a u x i l i a r y  equipment now ava i l ab le   w i th   t he   i n s t rumen t  i s  
given  in   Table  2. 

P rev ious ly ,   t he  monochromator  had  been  equipped wi th  a 1200 l i n e s /  
mm gold-coated  grating  having a b l a z e   a n g l e   f o r  maximum e f f i c i e n c y  a t  
15008. However, tests had shown t h a t  a s imi la r   g ra t ing ,   bu t   coa ted   wi th  
platinum  and  blazed  for 7508, provides a s u p e r i o r   e f f i c i e n c y   f o r   t h e  
present   appl icat ion.   Accordingly,   the   gold-coated  grat ing was supple- 
mented  by  one  coated  with  platinum,  and  having a blaze  wavelength  of 
7508. The la t ter  g r a t i n g  was used  throughout  the  present  work. 

Another   addi t ion made recent ly   and  worth  not ing is  a p r e c i s e   c u r r e n t  
moni tor   for   the  magnet c o i l s  of t h e  mass analyzer .   For  a given acceler- 
a t i n g   v o l t a g e ,   t h e  mass t o   c h a r g e   r a t i o   t r a n s m i t t e d  by the   ana lyze r  i s  
determined by thes i ze   o f  the magnet ic   f ie ld ,  which i n   t u r n  is p ropor t iona l  
t o   t h e   m a g n e t i c   c o i l   c u r r e n t  on a wide  current   range.   Al though  the magnet 
power supply i s  equipped  with a c u r r e n t  meter, it was found t h a t  i t s  
scale and   prec is ion  was i n s u f f i c i e n t   f o r   a n   u n e q u i v o c a l   i d e n t i f i c a t i o n   o f  
i o n i c  mass, p a r t i c u l a r l y  a t  the  upper  end  of the current   range,   where 
t h e  mass spectrum  crowds  together as a r e s u l t   o f   t h e   s q u a r e   r e l a t i o n s h i p  
between  transmitted  ion mass and  magnet cu r ren t .  The new ampere meter 
has a 6-inch scale of  one  hundred  divisions  and  provides  an  accuracy of 
1 percent .  
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TABLE 2 

LIST OF AUXILIARY  EQUIPMENT FOR 
PHOTOIONIZATION MASS SPECTROMETER 

ITEM RANGE USE 

. 

., 
(1) High  Voltage  Power 

Supply  and  Regulator 

(2) High  Voltage  Power 
Supply 

(3) High  Voltage  Power 

( 4 )  DC Power  Supply 

(5) Programmer 

( 6 )  Ammeter, 7 inch  face 

(7) Electrometer 

(8) High  Voltage  Power 
Supply 

0-5 kV Light  Source 

0.-2 kV Ion  Acceleration 

0-6 kV Electron 
Multiplier 

0-10 amps  Magnet 

" Magnet 
Current 

0-10 amps  Magnet 
Current 

- 10 amps  Electron 
Multiplier 
read-out 

-13 

0-2 kV Phot 0 - 
Multiplier 

(9) Micro-microammeter - 10-loamps  Photo- 
Multiplier 
read  -out 

6 



TABLE 2 (Cont.) 

- . - 

ITEM RANGE USE 

(10) Vacuum Gauge Control  0-100  microns  Ion  Source 

(11) Vacuum Gauge Control  0-2000 microns  Light  source 

(12a) I o n i z a t i o n  Gauge 10 -~ -10-~  t o r r  Analyze 
Control  and Tube 

(12b)  Thermocouple Gauges 0-1000  microns I 
Pump, Gas 
F i l t e r  

7 



B. Light  Sources 

The l i g h t   s o u r c e  employed p r e v i o u s l y   f e a t u r e s  a r e p e t i t i v e l y   p u l s e d  
spark   d i scharge  i n  a ceramic c a p i l l a r y .  When operated  with  argon a t  
p re s su res  i n  t h e  30 t o  80 micron  pressure  regime,   the  l ight   source emits 
a spec t rum  r i ch   i n   l i nes   i n   t he   wave leng th   r ange  400 t o  10008. It has  
been  pointed  out   previously  (Ref .  3, 6 ) ,  t h a t  some o f   t h e   r a d i a t i o n  a t  
shor te r   wavelengths   pene t ra tes   the  monochromator  and  reaches  the  ion 
chamber  even when the monochromator g r a t i n g  i s  set t o   t r a n s m i t   t h e   f i r s t  
order   spectrum  in  the 800 t o  10008 wave.length  region. The admixture  of 
r ad ia t ion   o f   sho r t e r   wave leng ths   t o   t he   f i r s t   o rde r   spec t rum is  due t o  
the  weaker   second  order   in   the spec t rum a n d   t o   s c a t t e r e d   l i g h t .  To 
e l iminate   these  undesirable   components ,  a g a s   f i l t e r   h a s  been  incorporated 
i n   t h e   e n t r a n c e  arm o f   t h e   g r a t i n g  monochromator.  Argon is  a p a r t i c u -  
l a r l y   s u i t a b l e   f i l t e r i n g   g a s ,  as i t s  absorp t ion   fea tures   resemble  a 

790 , whereas   l ight   of   shorter   wavelengths  i s  e f f e c t i v e l y   a t t e n u a t e d .  
This effect  can  be  enhanced i f   t h e   a r g o n   s p a r k   l i g h t   s o u r c e  is  opera ted  
a t  pressures   h igher   than   ind ica ted   above .  A spectrum  of  the  emission 
under   these   condi t ions  i s  g i v e n   i n   F i g u r e  1. 

teIi 
f u n c t i o n .   F u l l   t r a n s m i s s i o n  occurs? a t  wavelengths   greater   than 

Although the a rgon   spa rk   l i gh t   sou rce   appea r s   t o   p rov ide   t he  most 
in tense   and   su i tab le   l igh t   source   for   the   wavelength   reg ion   be low 10008, 
it is  no t   ve ry   u se fu l  a t  longer  wavelengths.   Since a g r e a t  many gases  
and  vapors   ionize a t  wavelengths   greater   than 10002 wi th  l i t t l e  ion 
fragmentation, it was d e s i r a b l e   t o   h a v e  a second   l i gh t   sou rce   ava i l ab le  
f o r   t h e  l a t t e r  spec t r a l   r eg ion .   Accord ing ly ,   t he   spa rk   l i gh t   sou rce  was 
supplemented by a GCA dc  cold-cathode  discharge  l ight   source.  When oper- 
a ted   wi th   hydrogen   the   dc   source   suppl ies   the   fami l ia r  many lire spectrum 
of  hydrogen i n   t h e  900 t o  13008 wavelength  region.  There i s  a l s o  a 
considerable   emission a t  much longer  wavelengths,  but  few  gases  and 
vapors  can  be  ionized a t  wavelengths much g rea t e r   t han  13008. This   type 
o f   l i gh t   sou rce  w i l l  a l so   p rovide   an   in tense   emiss ion   of   the   resonance  
l i n e s   o f   t h e  rare gases:  argon,  neon,  and  helium, when these   gases  a re  
employed i n s t e a d  of  hydrogen. A d e t a i l e d   d e s c r i p t i o n   o f   t h e   d c   l i g h t  
source  follows  below. 

A common d e s i g n   f o r  a cold-cathode  discharge  tube i s  t o  u s e  a water- 
cooled   quar tz   o r   Pyrex   cap i l la ry   sea led   in to  a hollow  cathode  and  anode 
by  O-rings. However, the   co ld   ca thode   d i scharge   tube   descr ibed   here  
d i f f e r s   f r o m   t h e  more c o n v e n t i o n a l   t y p e   i n   t h a t  it used a water-cooled 
c a t h o d e   a n d   a l l o w s   t h e   q u a r t z   c a p i l l a r y   t o   r u n   h o t   r a t h e r   t h a n   c o o l i n g   t h e  
c a p i l l a r y   w i t h  a water j a c k e t .  The  main advan tage   o f   t h i s   f ea tu re  i s  
t h a t   t h e r e  i s  no  danger  of water e n t e r i n g   t h e  vacuum system  should  the 
cap i l l a ry   b reak .  

F igure  2 shows a c ross   s ec t ion   o f   t he   l i gh t   sou rce   and   F igu re  3 
shows a breakdown of the   i nd iv idua l   componen t s .   Bas i ca l ly ,   t he   l i gh t  
sou rce   cons i s t s   o f  a 4 - inch   qua r t z   d i sc   w i th  a q u a r t z   c a p i l l a r y   o f  4-mm 
bore   s ea l ed   i n to   t he   d i sc   t h rough  i t s  center   and   normal   to  i t s  su r face .  
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Figure 1. Argon spark source  spectrum. 
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F i g u r e  2. Cross section  dc  light  source. 



The q u a r t z   d i s c  is  ground f l a t   t o  seat the  O-rings on the  cathode  and 
the  anode,  and ac ts  as a n   i n s u l a t o r   a s  well as  a vacuum seal. The 
cathode - the l e f t -hand   cy l inde r   i n   F igu re  3 - is  cons t ruc ted  of two 
c o n c e n t r i c   c y l i n d e r s   s e a l e d   t o   a l l o w  water to  f low  between them. A 
hollow  aluminum  cylinder i s  seen  protruding  f rom  the  cathode.  It a c t u -  
a l l y  acts as the cathode  e lectrode,   a l lowing  easy  replacement   i f   nec-  
e s sa ry .  The aluminum insert has a f ew  ve ry   f i ne   ho le s   t o   a l l ow  the   d i s -  
c h a r g e   g a s   t o   l e a k   i n t o   t h e   d i s c h a r g e   r e g i o n .  The  anode - on the  extreme 
r i g h t  - is hol low,   cooled  in  a similar manner as the  cathode,  and 
f l a n g e d   t o  mate t h e  monochromator. A P l e x i g l a s s   f l a n g e  i s  used  to  clamp 
t h e  components  together. It is grooved t o   l o c a t e   t h e   q u a r t z   d i s c   s u c h  
t h a t   t h e   c a p i l l a r y   a l i g n s   w i t h   t h e   o p t i c a l  axis. 

The source  i s  operated a t  pressures i n   t h e   v i c i n i t y  of 1 t o r r .  The 
a p p l i e d   p o t e n t i a l  is  about 1000 vo l t s ,   and   t he   d i scha rge   cu r ren t  is 250 mA. 
The source  may be  operated a t  h i g h e r   c u r r e n t s ,   w i t h  a corresponding 
i n c r e a s e   i n   i n t e n s i t y ,   b u t   t h e   a v a i l a b l e  power supply  provides  only 250 mA. 

Figure  4 shows t h e   i n t e n s i t y   d i s t r i b u t i o n o f   t h e   d c   l i g h t   s o u r c e  
operated  with  hydrogen. The  most ou t s t and ing   f ea tu re   i n   t he   spec t rum 
is  the  hydrogen  resonance  l ine (Lyman a lpha)  a t  1215.78. However, t h e  
surrounding  molecular  spectrum i s  a l s o   e m i t t e d   w i t h   u s e f u l   i n t e n s i t i e s .  
Comparison of this   emission  spectrum  with  that   produced by the   a rgon  
spark   source   ( see   F igure  1) i n d i c a t e s   t h a t   t h e   i n t e n s i t i e s   a r e  of similar 
order  of  magnitude.  Figure 5 shows the  spectrum  produced by the   dc  
source,  when i t  i s  opera ted   wi th   a rgon .   In   th i s  case the  argon  resonance 
l i n e s  a t  1048 and 10662 a re  t h e   p r i n c i p a l   f e a t u r e s .  

C. Sample  I n l e t  System 

Gas samples to   be   ana lyzed   w i th   t he   pho to ion iza t ion  mass spec t ro -  
meter a r e  admi t t ed   t o   t he ion iza t ionchamber   v i a  a Vactronics   leak  valve.  
Previous ly ,  most  of the   inves t iga ted   gas   mix tures  were t a k e n   d i r e c t l y  
from s teel  cy l inde r s   and   t he  sample source  w a s  c o n n e c t e d   d i r e c t l y   t o   t h e  
mass spec t romete r   i n l e t  valve. S ince   t he   cy l inde r   p re s su re   gene ra l ly  i s  
considerably  above  the  a tmospheric  p r e s s u r e ,  contamination by a i r  under 
these   cond i t ions  w a s  minimal. In   the   p resent   s tudy ,   the   samples  were 
p r e p a r e d   i n   1 2 - l i t e r   f l a s k s  a t  a f i n a l   p r e s s u r e   s l i g h t l y  below  one  atmos- 
phere, so  t h a t   t h e   g a s l i n e   c o n n e c t i n g   t h e   s a m p l e   f l a s k   t o   t h e   i n l e t   v a l v e  
had t o  be  f reed  f rom a i r  and  other   possible   contaminants   before   the 
sample mixture   could   be   s tud ied .   For   th i s   purpose ,   the   gas   in le t   sys tem 
was modified by the  a t tachment   of  a g l a s s  tee t o  the h i g h   p r e s s u r e   s i d e  
o f   t h e   i n l e t  valve, as shown i n   F i g u r e  6 .  One branch of t h e   g l a s s  tee 
l e d ,  via a s topcock  to   an  auxi l iary  mechanical  pump, wh i l e   t he   o the r  
terrnina  ted  in  a 
I n   t h i s  manner, 

t a p e r e d   j o i n t  t o  
t h e   l i n e  between 

which the   sample   f lask  was connected. 
the  s topcock on t h e  sample f l a s k  and 
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Figure 3 .  Components of dc source. 
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t h e   i n l e t  valve could   be   evacuated   before   the   sample   f lask  was connected 
t o   t h e   i n l e t  valve and   the   sample   admi t ted   to   the  mass spectrometer 
ion  source.  

I n  some exper iments ,   no tab ly   in   the   s tudy   of   n i t rogen   d ioxide ,  it , 

became n e c e s s a r y   t o   f r e e z e   t h e  sample g a s   o u t   i n   o r d e r   t h a t  a check  could 
be made on  any  non-condensable  components s t i l l  present .   For   th i s   purpose ,  
a c o l d   t r a p . f i t t e d   w i t h  a stopcock was a t t a c h e d   t o   t h e   t a p e r e d   j o i n t  as 
shown i n   F i g u r e  6 ,  and  the  sample gas was admi t ted  via the   second  s top-  
cock. The t r a p  was c o o l e d   e i t h e r   w i t h   l i q u i d   n i t r o g e n   o r   w i t h  a d r y   i c e  - 
a c e t o n e   s l u r r y ,  as  requi red .  

I n   a d d i t i o n   t o   t h e   d e s c r i b e d   m o d i f i c a t i o n  of t he   i n l e t   sys t em,  i t  
was found  necessary  to  replace t h e   i n l e t  valve used  previously,   because 
the   b rass   be l lows  were a t t a c k e d  by  some of   the  more chemica l ly   agress ive  
sample  gases,  such as NO2 and H a .  Accordingly,   the  chrome p l a t e d   b r a s s  
valve was rep laced  by a similar u n i t  maqe of s t a i n l e s s  s tee l .  

D. Sample  Preparation 

From Table 1, i t  is  a p p a r e n t   t h a t   e s s e n t i a l l y  a l l  t he   subs t ances  
i n v e s t i g a t e d   i n   t h i s   s t u d y   h a v e   v a p o r  pressures s u f f i c i e n t l y   h i g h   t o  
a l l o w   t h e   d i r e c t   i n t r o d u c t i o n   i n t o   t h e   i o n   s o u r c e   v i a   t h e  mass spec t ro -  
meter i n l e t   v a l v e .  However, for   per forming  a comparative  study  of  sen- 
s i t i v i t i e s  t h e  sample p r e s s u r e   i n   t h e   i o n  chamber  must  be known. The 
de termina t ion   of   abso lu te   p ressures   o f  most vapor s   and   gases   i n   t he  
p re s su re  domain 10 microns  and  below is  d i f f i cu l t   because   t he   on ly  avail-  
ab le   s t anda rd ,   t he  McLeod gauge,  cannot  be  used  with  condensable  gases. 
Other  gauges show a s i g n i f i c a n t   v a r i a t i o n   i n  gauge s e n s i t i v i t y   w i t h   t h e  
type  of gas  or  vapor  measured, s o  that   they  cannot   provide a r e l i a b l e  
abso lu t e   p re s su re   de t e rmina t ion .  The thermocouple  gauge  used  here 
to   moni tor   the   ion  chamber pressure f a l l s   i n t o   t h a t  l a t t e r  category. The 
range   of   th i s   gauge  i s  l a i d   o u t   f o r  0 t o  100 microns,  but it cannot  be 
expanded so t h a t  it i s  n o t   u s e f u l   f o r  pressures below 0.5 microns. 

A t  sample gas   p ressures  of ten   microns   o r   h igher ,   the   e f fec t   o f  
i o n - n e u t r a l   i n t e r a c t i o n  becomes impor t an t ,   r e su l t i ng   i n   t he   p roduc t ion  
of new ions  which  can a l t e r  the  observed mass spectrum.  Although  for 
a n a l y t i c a l   p u r p o s e s ,   t h e   e f f e c t  of i on   r eac t ions   can   be   bene f i c i a l ,  i t  is  
s t rongly  dependent  on t h e  sample gas   p ressure ,  so t h a t   t h e   c o m p l e x i t i e s  
of i n t e rp re t a t ioh   migh t   be   i nc reased .  Hence, h igh  pressures of sample 
gas   i n   t he   i on   sou rce  were to   be   avo ided   i n   t he   p re sen t   s tudy  whenever 
poss ib l e .  

The  most  convenient  procedure  which  circumvents  the  above  difficult ies 
consis ts   of   mixing a s m a l l   c o n c e n t r a t i o n   o f   t h e   s a m p l e   g a s   i n t o   a n   i n e r t  
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carrier gas ,   and   in t roducing   the   resu l t ing   gas   mix ture   in to   the   ion   source .  
Then the  response  of  the  thermocouple  pressure  gauge i s  due   e s sen t i a l ly  
t o   t h a t  o f   t he   ca r r i e r   gas .  The  gauge  can  be  cal ibrated  with  respect   to  
t h e   c a r r i e r   g a s .   I n   a d d i t i o n ,   t h e  par t ia l  p re s su re  of the   sample   in   the  
ion  chamber w i l l  b e   s u f f i c i e n t l y  low t o  minimize  the  occurrence  of  ion- 
n e u t r a l   i n t e r a c t i o n s .  

In   applying  the  out l ined  procedure,   hel ium w a s  s e l e c t e d   a s  a con- 
v e n i e n t   a n d   i n e r t   c a r r i e r   g a s   i n  many of  those  measurements  which  were 
aimed a t  determining  the mass spectral fragmentat ion  pat terns   and  the 
s e n s i t i v i t i e s .  Some experiments  were  performed  using  nitrogen  as  the 
car r ie r   gas .   Al though it was r ea l i zed   t ha t   i n   v i ew of the   in tended  
a p p l i c a t i o n  of   photoionizat ion mass spec t romet ry   t o   t he   ana lys i s  of  cabin 
atmospheres   the  most   appropriate   carr ier   gas  would  be a i r ,  i t  was found 
and w i l l  be  discussed later t h a t   i n  some cases   t he  sample compound reac ted  
with  the  oxygen  and/or   water   vapor   present   in  a i r .  T h i s   e f f e c t  was 
amplif ied  in   mixtures   containing more than  one compound.  The presence 
of l a r g e r  amounts  of  oxygen a l so   causes   i n t e r f e rence   o f  i t s  s i g n a l   a t  
mass  number  32 with  those  sample  gases  that   develop a s i g n a l   a t   t h e  same 
mass number. On the  other  hand,  helium  and  nitrogen do n o t   i o n i z e   i n  
the  wavelength  region  invest igated  here .  (> 8002) ,  so t h a t   s i g n a l   i n t e r -  
fe rence  i s  not   expec ted   wi th   these   car r ie r   gases .   Never the less ,   wi th  
n i t rogen  a small s i g n a l  was often  observed a t  mass  number 28, due  to   the 
incomplete  blocking of wavelengths  below 8002 by t h e   a r g o n   f i l t e r  when 
the  argon  spark  source was employed.  Hence, t he   u se  of n i t r o g e n   a s  a 
c a r r i e r   g a s  was avoided  whenever  the  sample compound was expec ted   to  
produce a mass number 28 s i g n a l .  

Mixtures of samples   wi th   the   car r ie r   gas   were   p repared   in   12- l i te r  
round  glass  f lasks.   These  were  provided  with a vacuum-tight  stopcock, 
lubricated  with  the  comparat ively  iner t   Kel-F  grease.   Also  provided was 
a tube  terminated by a s t a i n l e s s   s t e e l  Swagelok f i t t i n g  accommodating 
an  iner t   e las tomer  septum. The f lasks   were   connec ted   to   an   auxi l ia ry  
vacuum and  gas  handling  manifold  equipped  with a d i f fus ion  pump to  evacu- 
a t e   t h e   f l a s k   t o  a pressure l e s s   t han  1 x 10-3 t o r r .  A mercury  manometer 
isolated  f rom  the  manifold by a cooled  t rap,  was used t o  measure  the 
pressure  of a l l  the  permanent  gases.   Liquid  substances  were.introduced 
t o   t h e   f l a s k s  by means  of a syr inge   in jec ted   th rough  the   e las tomer  
septum. 

The procedure  for   the  preparat ion  of   sample  carr ier   gas   mixtures  
was a s   fo l lows .  Gases were  taken  from  cylinders,   and  were  introduced 
to   the  gas   handl ing  manifold  via   one or  more detachable   leak  valves .  
The cy l inder  was c o n n e c t e d   t o   t h e   v a l v e   i n l e t  via a l i n e  of Tygon tubing. 
The l i n e  was  f l u shed   w i th   t he   gas   t o   be   en te red  so t h a t   r e s i d u a l   a i r  and 
o the r   impur i t i e s  were dr iven   ou t .  The leak valve was closed,  and 
a t tached   to   the   mani fo ld   sys tem.   Af te r   evacuat ion   of   the  system, the  
manifold was i s o l a t e d   f r o m t h e  vacuum pump, and   the   des i rab le  amount of 
sample gas were metered  in.  Subsequently,  the  stopcock on t h e  sample 
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f l a s k  w a s  c losed,   the   manifold w a s  evacuated   aga in   and   the  carrier gas 
was in t roduced   t o  the manifold  through a second  leak .valve. The s t o p -  
cock t o   t h e  sample f l a s k  was then  re-opened  and more carrier gas  added 
u n t i l  the  p r e s s u r e  i n  the system was c lose   to   one   a tmosphere .  The 
percentage  of   sample  in  the f l a s k  was ca l cu la t ed   f rom  the  known par t ia l  
and t o t a l   p r e s s u r e s .  

Liquid  samples were in j ec t ed   i n to   t he   evacua ted   and   i so l a t ed  sample  
f l a s k .  Then,  the carr ier  gas was added as desc r ibed .above .   S ince   t he  
p a r t i a l   p r e s s u r e s  of the   l iqu id   samples   could   no t   be   measured   d i rec t ly ,  
they   had   to   be   ca lcu la ted   f rom  the  known volume  of t h e   f l a s k ,   t h e   i n j e c t e d  
volume  of  sample  l iquid,   and  the  density of t h e   l i q u i d  a t  the  ambient  
temperature. To avoid   the   condensa t ion   of   l iqu id   ins ide   the   f lask ,  i t  
was impor tan t   tha t   the   equi l ibr ium  vapor   p ressures   o f   the   subs tances  a t  
room temperature were not  exceeded.  The  upper l i m i t  o f   t he   pe rmis s ib l e  
sample s i z e   t h a t   c o u l d   b e   i n j e c t e d  w a s  ca lcu la ted   and  is  given  in   Table  1. 
D e s p i t e  precaut ions,   condensat ion was observed   in   mix tures .   In   these  
cases, the sample   s ize  was reduced   un t i l   condensa t ion  was absen t .  

Most  of t h e  compounds l i s t e d   i n   T a b l e  1 were avai lable   commercial ly  
wi th   r e sea rch   g rade   pu r i ty .  The only  exception w a s  formaldehyde..  This 
gas  can  be  handled  only  atlow  pressures,   because i t  polymerizes   easi ly .  
Formaldehyde was prepared  from i ts  trimer paraformaldehyde  which was 
purchased as  a f i n e  powder.  Paraformaldehyde was p l a c e d   i n  a bulb 
a t tached   to   the   gas   handl ing   mani fo ld   and   the   sys tem was evacuated. 
The  bulb was hea ted   gent ly   un t i l   gas   format ion   occur red .  The formalde- 
hyde   deve loped   in   th i s  manner was c o l l e c t e d   i n  a t r a p  cooled   wi th   l iqu id  
n i t rogen .  A por t ion   o f  i t  was d i s t i l l e d   i n t o  a 12-liter sample  f lask,  
the   gas  p r e s s u r e  was measured  with  the  manometer,  and  helium was added 
as  t h e  carrier gas.  

Phenol,   al though  commercially  available,   presented a problem i n  
t h a t  i t  i s  c r y s t a l l i n e  and i t s  room temperature vapor   pressure i s  lower 
t h a n   t h a t  of a l l  t h e   o t h e r  compounds. I n i t i a l l y ,  a sample was prepared 
by in jec t ing   hea ted   mol ten   phenol   in to  a sample f l a sk ,   admi t t i ng   he l ium 
subsequently.   Since  no mass spectrum  could  be  obtained  from  this sample,  
a few  phenol   crystals  were p l aced   i n to  a small bulb  which .was a t t ached  
d i r e c t l y   t o   t h e   i n l e t   s y s t e m  and was evacuated. Also wi th   th i s   p rocedure ,  
which   should   resu l t   in  a s u f f i c i e n t  pressure of  phenol i n   t he   i on   sou rce ,  
no mass spectrometer   s ignals   could  be  detected.  It was concluded  that  
phenol was absorbed  on i t s  way to   t he   i on   sou rce ,   and   no   fu r the r  attempts 
were made t o  record  i t s  mass spectrum.  In   the l i s t  of compounds t o  be 
inves t iga ted ,   phenol  was s u b s t i t u t e d  by propionaldehyde. 

E. Operat ional   Procedures  

The instrument was kept  evacuated a t  a l l  times, except when ser- 
v i c i n g  became necessary.   Overnight ,   and  during  per iods when no t   i n   u se ,  
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the   mechanical  pumps were kep t   ope ra t ing ,   bu t   t he   t h ree  valves connect ing 
t h e   f o r e   l i n e   t o   t h e   t h r e e   d i f f u s i o n  pumps were c losed   and   the   d i f fus ion  
pumps were swi tched   of f .  A l l  o t h e r  valves were kept   c losed .   Par t icu-  
lar a t t e n t i o n  was pa id   to   keep   the  monochromator en t rance  s l i t  valve 
closed  between  measurements,  even when t h e   d i f f u s i o n  pumps were opera t ing ,  
i n   o r d e r   t h a t   o i l   v a p o r   f r o m   t h e   m e c h a n i c a l  pump s e r v i n g   t h e   l i g h t  
sou rces   d id   no t   en t e r   t he  monochromator, b e c a u s e   o i l   d e p o s i t i o n  on t h e  
g r a t i n g  would decrease  i t s  e f f i c i e n c y .  The  back d i f f u s i o n  of o i l  vapor 
i s  minimized when a gas  f low is es tab l i shed .   Another   reason   for   keeping  
t h e  monochromator en t rance  s l i t  valve closed  between  measurements is t h e  
depos i t i on  on t h e   g r a t i n g  of debr i s   emi t ted   f rom  the   spark   l igh t   source .  
The depos i t i on  of spu t t e red  material on t h e   s u r f a c e   o f   t h e   g r a t i n g  
a l so   causes  a d e c r e a s e   i n  i ts  e f f i c i e n c y .  

The s t a r t - u p   p r o c e d u r e   e n t a i l s   f i r s t   o p e n i n g   t h e   v a l v e   o n   d i t f u s i o n  
pump fl underneath  the  monochromator,   then  opening  the  other two d i f f u s i o n  
pump va lves .   Evacua t ing   f i r s t   t he  monochromator prevents   an  adverse  pres-  
s u r e   d i f f e r e n t i a l   a c r o s s   t h e  monochromator e x i t  s l i t  assembly. The mono- 

chromator  entrance s l i t  valve must  be   c losed  during  the pumping s t a g e  
o r   t h e   b a f f l e s  making up t h e   g a s   f i l t e r  w i l l  be   p rope l l ed   aga ins t   t he  
g r a t i n g  by inrushing  a i r .  Af te r   evacuat ion  by t h e  main mechanical pump, 
the   water   f low  provided   to   cool   the   d i f fus ion  pumps should  be  checked. 
Then, d i f f u s i o n  pumps may be  switched  on. It w i l l  take  between 30 and 60 
m i n u t e s   t o   e s t a b l i s h   t h e   r e q u i r e d  vacuum (2 x t o r r   o r   b e t t e r   i n   t h e  
magnet ic   ana lyzer   sec t ion) .   Dur ing   th i s  time, ope ra t ion  of t h e   l i g h t  
sou rce   can   be   i n i t i a t ed .  The des i r ed   l i gh t   sou rce ,   e i t he r   t he   a rgon  
s p a r k   s o u r c e   o r   t h e   d c   s o u r c e , i s   a t t a c h e d   t o   t h e   d i f f e r e n t i a l  pumping 
f l a n g e  a t  t h e  monochromator en t rance  arm. A vacuum t i g h t  seal is  accom- 
plished  with  an  O-ring  compressed by t h r e e   b o l t s .  The gas   l i ne ,  water 
l i n e s  and power l ines   a re   connec ted .  The vent   va lve  a t  t h e   d i f f e r e n t i a l  
pumping s e c t i o n  i s  closed  and  the  second  mechanical pump i s  switched on 
to   evacua te   t he   l i gh t   sou rce   s ec t ion .  

Af te r   connec t ion  of a g a s   s t o r a g e   t a n k   t o   t h e   l i g h t   s o u r c e   g a s   i n l e t  
valve, t h e  valve i s  opened, a gas  f low is  es tab l i shed ,   and   the  valve i s  
ad jus t ed   t o   p rov ide   t he   des i r ed  pressure i n   t h e   l i g h t   s o u r c e .  The 
power supply  and  the  spark  gap  (only  for  the  spark  source) a r e  switched 
on.  Water  cooling of t h e   l i g h t   s o u r c e  must  be   es tab l i shed   before   the  
power supply i s  a c t i v a t e d .  Then the   vo l t age   can   be   i nc reased   un t i l   t he  
d i scha rge   s t r i kes   and   t he   appropr i a t e   cu r ren t   l eve l  i s  achieved. 

When the   ana lyze r   s ec t ion   p re s su re   has   d ropped   t o  a value of 5 x 
lom6 t o r r   o r   b e t t e r ,   t h e   r e m a i n i n g  power suppl ies   and  e lectronic   equipment  
can  be  switched  on. The' magnet supply   should   be   ad jus ted   to  low cu r ren t s ,  
so long as t h e  magnet i s  not   cooled.   Otherwise  the magnet c o i l s  may 
overheat .  

The instrument i s  now ready   fo r   ope ra t ion .  The  monochromator 
en t rance  s l i t  valve may be  opened,   and  the  photomult ipl ier   should  regis-  
ter  a s i g n a l .  The wavelength  dr ive may b e   a c t i v a t e d   t o   t u r n   t h e   g r a t i n g  
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t o  a s u i t a b l e   s p e c t r a l   l i n e ,   o r   t o   t a k e  a spec t rum  of   the   l igh t   source  as 
a check on i t s  spectral output .  It should   be   no ted   tha t   the  gas l i n e  of 
t h e   l i g h t   s o u r c e  may i n i t i a l l y   c o n t a i n  a i r  and   t ha t   f l u sh ing  by t h e  
employed gas may t ake  some t i m e .  When t h e   p h o t o m u l t i p l i e r   s i g n a l  shows 
t h a t   t h e   l i g h t   f l u x   h a s   r e a c h e d  a s t a b l e  level, a gas sample can  be 
connec ted   t o   t he  mass spectrometer   inlet   system. The i n l e t  valve is 
opened u n t i l  a pressure  of   the   order   of   one  micron is reached   i n   t he  
ion  source.   .The  zero  lock of the   Kei th ley   e lec t rometer  i s  o ened  and 
the   ins t rument  i s  p u t  onto a s u i t a b l e   c u r r e n t  scale (1 x 10-!2 - 3 x 10-lo 
amperes). A mass. spectrum is taken by  means of t he  magnet cu r ren t  sweep 
u n i t .  

The   range   and   va lues   o f   opera t ing   condi t ions   tha t   a re   in   l ine   wi th  
theoutlined  procedure  and  have  been  found  convenient  are  summarized  in 
Table 3.  Some a d d i t i o n a l  comments may be  of   value:   (a)   the   l ight   inten-  
s i t y   g e n e r a t e d  b y  t h e   d c   l i g h t   s o u r c e   i n c r e a s e s   w i t h   t h e   c u r r e n t ,  
whereas  that   of  the  spark  source  increases.   with  the  square  of  the  voltage.  
However, the  discharge  currents  should  not  exceed 300 mA for   the   dc   source ,  
and 85 mA f o r   t h e   s p a r k   s o u r c e ,   ( b )   t h e   s t a b i l i t y  of t he   spa rk   l i gh t   sou rce  
decreases  when the   tungs ten   po in ts  of t he   spa rk  gap de te r io ra t e .   Pe r iod -  
ic   rep lacement   o f   the   po in ts  i s  recommended, ( c )   t he   pho tomul t ip l i e r  
supply  vol tage is  low  compared wi th   s tandard   va lues ,   bu t   due   to   the  
pulsed  operat ion,   the   spark  source  produces  high  instantaneous  s ignals  
wh ich   can   s a tu ra t e   t he   pho tomul t ip l i e r   e l ec t ron ic   c i r cu i t .  The low 
supply  vol tage was chosen   to   avoid   such   sa tura t ion   in   o rder   tha t   the  
averaged  anode  current   regis tered by t h e  microammeter  be  proportional  to 
the   l igh t   s igna l ,   (d )   because   o f   the   res idua l   magnet iza t ion   of   the   ana lyzer  
magnet, t h e  mass scale w i l l  no t   be   exac t ly   p ropor t iona l   to   the   square   o f  
t he  magnet cu r ren t .   Th i s   e f f ec t  may be  enhanced i f   t h e  magnet cu r ren t  
i s  swept back  and fo r th   ove r  a larger range. However,  a  good reproduc- 
i b i l i t y  of  the mass s c a l e  i s  a c h i e v e d   i f   t h e   c u r r e n t  sweep i s  operated 
only   in   one   d i rec t ion .   In   the   p resent  work t h e   s c a n   d i r e c t i o n  was always 
from  higher   to   lower  currents .  
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TABLE 3 

PHOTOIONIZATION MASS SPECTROMETER  OPERATING  CONDITIONS 

1. Instrument   Pressures  

monochromator: 2 x t o r r   w i t h o u t   g a s   f i l t e r ,  up t o  20 microns 
with g a s   f i l t e r  

( I f   p r e s s u r e  i s  t o o   h i g h ,   t h e   e l e c t r o n   d e f l e c t o r  w i l l  a rc  and  the 
a c c e l e r a t i o n  power supply will shu t   o f f  .)  
ion  source:  Background  pressure  not  measurable.  Upon sample  intro-  

duc t ion ,   t he   p re s su re  is  t y p i c a l l y  1 micron.  Pressure 
can  be  increased  i f   necessary.  

mass ana lyze r :  2 x 10 t o r r   o r   , b e t t e r .  -6 

2. Spark  Light  Source 

Type of gas:  Argon 
Source  pressure:  150-200  microns 
Operational  current:   50-70 mA 

3. DC Light  Source 

Type of  gas:  Argon;  Argon-hydrogen  mixture 
Source  pressure:  200-2000  microns 
Cur ren t   s e t t i ng :  250 mA 

4. Monochromator 

S l i t   s e t t i n g :   a b o u t   0 . 2 5  mm 
Wavelength  range:  800-13002 
Resolu t ion :  3-52 ha l f   wid th  

5.  Pho tomul t ip l i e r   De tec to r  

Supply  voltage: 600 v o l t s  
Microammeter set  t o :  3, 10 o r  30 x 10'' ampere f u l l  scale 

6 .  Ion   Acce lera t ion  

Power supply set  t o :  500-1000 v o l t s , a s   h i g h  -as is compatible 
w i t h   t h e   d e s i r e d  mass range. 

Focus ing   con t ro l s   ad jus t ed   t o  maximum i o n   s i g n a l .  
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TABLE 3 

(continued) 

7. Magnetic  Analyzer 

F o r   c u r r e n t  sweep set v o l t a g e   a n d   c u r r e n t   c o n t r o l s   t o  maximum 
(36 v o l t s ,  10 amperes) ,   then  use  the programmer t o  sweep towards 
lower   cur ren t .   For   cont ro l led   cur ren t ,  s e t  vo l t age   con t ro l   and  
pr,ogrammer t o  maximum, t h e n   a d j u s t   c u r r e n t   c o n t r o l   t o   d e s i r e d  
cu r ren t  (and mass number). 

8. Detector  and  Readout 

Elec t ron  m u l t i p l i e r  supply: 300 v o l t s  
Electrometer scale s e t t i n g :  1 x - 3 x lo-'' amps f u l l  s c a l e .  
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111. RESULTS 

A .  General 

The p r i n c i p a l  aim of the   p re sen t   i nves t ig  ; a t ion  wa , s  t o   d e t e r m i n e   f o r  
t h e   s u b s t a n c e s   l i s t e d   i n   T a b l e  1 the i r   f ragmenta t ion   pa t te rns   and  mass 
s p e c t r o m e t r i c   s e n s i t i v i e s  as a func t ion  of ionizing  wavelength.   Clearly,  
a de ta i led   wavelength   response   o f   each   subs tance  is n o t   r e q u i r e d   f o r   a n  
a s ses smen t   o f   t he   ana ly t i ca l   po ten t i a l   o f   pho to ion iza t ion  mass spec t ro-  
met ry ,   bu t   the   t rend   should   be  made appa ren t .   I n   t he   p re sen t   s tudy ,  
t he re fo re ,  measurements were made a t  four  wavelengths  which were selected 
such   tha t   the   assoc ia ted   energy   d i f fe rences  were about 1.5 eV. The 
exact  choice  of  ionizing  wavelengths was d ic ta ted   main ly  by t h e  avail-  
a b i l i t y  of s t rong   emis s ion   l i nes   i n   t he   spec t r a   gene ra t ed  by t h e   l i g h t  
sources .   Accord ingly ,   the   fo l lowing   emiss ion   l ines  were used:  803,  950, 
1048  and  1216a,each  isolated  with  the monochromator w i th  a c h a r a c t e r i s -  
t i c  r e s o l u t i o n  a t  half   peak  height  of  3.58. The e n e r g i e s   i n   e l e c t r o n  
v o l t s   r e p r e s e n t e d  by these  ionizing  wavelengths  are  15.42,  13.02,  11.80, 
and  10.20 eV, r e spec t ive ly .  The two l i n e s  a t  t h e  lower  wavelengths were 
gene ra t ed   w i th   t he   a rgon   spa rk   l i gh t   sou rce ;   t he  10488 argon  resonance 
l i n e  was ob ta ined   w i th   t he   dc   l i gh t   sou rce   ope ra t ed   w i th   a rgon ;   and   t he  
12162  Lyman-alpha l i n e  was produced  with  the  dc  l ight   source  operated 
wi th  a mixture of argon  and  hydrogen. 

The fo l lowing   sec t ions  w i l l  f i r s t   p r e s e n t   t h e  mass spectral  fragmen- 
t a t i o n   p a t t e r n s   o b s e r v e d   f o r   t h e   i n d i v i d u a l  compounds, then   the   assoc ia-  
t e d   s e n s i t i v i t i e s  and   de tec t ion  limits. Subsequently, resul ts  f o r   f i v e  
mixtures   of   three  or  more components w i l l  be  given. 

B. Mass Spectra 

The observed mass spectra   and re la t ive  peak  abundances of the   inves-  
t i g a t e d  compounds are compiled i n   T a b l e  4 f o r  each  of  the employed ion iz ing  
wavelengths. The last  column  shows, for   compar ison ,   re la t ive   abundances  
o f   t he   s ix   s t ronges t   peaks   ob ta ined  by impact of 70 eV e l ec t rons ,  as  
taken  from  the  Index  of Mass S p e c t r a l  Data (Ref. 7 ) .  For   the   bu ty l  
a l coho l s  more complete  electron  impact  abundance  data were a v a i l a b l e  
from  other  sources  (Ref.  8) and a re  included  accordingly.  

The  development  of t he   f r agmen ta t ion   pa t t e rn   w i th   i nc reas ing   i on iza -  
t ion   energy  is a p p a r e n t   i n   p r a c t i c a l l y  a l l  cases. A t  the   longes t   ion-  
iz ing  wavelength,  i . e .  the   lowes t   ion iz ing   energy ,   the   spec t ra   cons is t  
mainly of the  parent   peak,   and  i f   o ther   ions a r e  produced,   the   parent  
peak is  usua l ly   the   s t ronges t   fea ture   in   the   spec t rum.   Except ions  a re  
secondary  butyl   a lcohol   and  e thylene  dichlor idehr   which  the  f ragment  
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TABLE 4 

MASS SPECTRA OF INVESTIGATED 
COMPOUNDS AT FOUR IONIZING  WAVELENGTHS 

Allyl Alcohol 

Ammonia 

Acetone 58 
43 
42 
29 
27 
26 

Acetaldehyde 45 
44 
43  
42  
41 
3 1  
29 
28 
27 
26 
16  
15  
14 
59 
58 
57 
55 
41 
40 
39 
3 1  
30 
29 
28 
27 
26 
1 8  
1 7  
1 6  
15  
14 

100 100 
23 

19  
100 

23 

3 2 
100 3 1  

12  100 

33 4 
100 100 

100 
100  

14 
100 

53 

1 
27 

1 
1 

1 
20 

100 

3 
5 
1 
2 
6 
9 
6 

10 
100 

29 
100 

10 
9 4  
68  

3 

2 
100 

1 
1 

11 
40 
1 
2 

24 
100 

3 
5 
9 

13 
25 
12  
45  
17 

7 
1 
9 

100 

23 
100 

7 
4 
8 
6 

88 
50 

6 

100 
9 

6 

27 
100 

40 
60 

80 

45  

1 
100 

80 
8 
2 



TABLE 4 (continued) 

" __ "" - - - . .  - .. . ~ 
~- 

ELECTRON 

COMPOUND m/e 
IONIZING WAmLENGTH (2) IMPACT 

1216  1048  950  803 70 eV - " - - - "" - .  - 

B enz ene 

Butene-1 

cis-Butene-2 

trans-Butene-2 

n-Butyl  Alcohol 

78 
77 
52 
51 
50 
39 
56 
55 
54 
41 
39 
28 
27 
56 
55 
41 
39 
28 
27 
56 
55 
41 
39 
28 
27 
74 
73 
70 
61 
59 
58 
57 
56 
55 
45 
44 
43 
42 
41 
40 

100 

100 

100 

100 

100 

71 

100 

100 

100 
20 
30 

100 
19 
27 

8 

5 
100 
2 

5 
12 
5 

100 

100 
5 

12 

89 
68 
100 

80 
64 
100 

2 
3 
2 
2 
1.4 

19 
100 
12 

2 
1.6 
35 
19 
20 

100 
16 . 

100 
4 
12 
5 
15 

73 
73 
100 
17 
9 
16 
66 
69 
100 
17 
9 
16 
2 
3 
3 
3 
1.6 
1 
22 
100 
19 
7 
4 
74 
27 
54 
2 

100 
14 
19 
19 
16 
14 
39 
18 

100 
38 
27 
25 
51 
23 
100 
37 
31 
34 
50 
23 
100 
37 
31 
34 
1 

7 
85 
12 

59 
31 
60 



TABLE 4 (continued) 

ELECTRON 
IONIZING WAmLENGTH (8) . __  IMPACT coMPouM) m/e 

iso-Butyl  Alcohol 

sec-Butyl Alcohol 

- 121 6. 1048 "- 950 803- 70 eV . . .  

n-Butyl Alcohol 33 5 5 9 9 

31 7 21 58 100 
29 1 10 30 
28 2 8 16 
27 8 52 
19 1.6 
18 1.5 4 
74 100 45  30 19 9 
73 5 3 
59 2 5 4 5 
57 11 9 8 4 
56 13 9 6 3 
55 3 6 4 
45 1 1.5 
44 5 5 5 
43 29 100 100 100 
42 60  79  63 57 
41 8 47 56 
33 100 84 60 53 
32 4.5 5 
31 15 34  63 
29 4 
28 1.7 
27 1 10 43 
18 8 8 2 
7 4  3 2 1 
73 2 3 2 
70 2 
61 2 1 1 
60 2 
59 11 40 24 22 18 
58 2 1 1 
57 2 6 11 3 
56 2 2 2 1 
55 1 3 2 
46 2 2 2 
45 5 100 100 100  100 
44 100 44 13  13 
43 4 8 10 
41 5 9 11 

(continued) 32 3 6 
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TABLE 4 (continued) 

sec-Butyl  Alcohol 
(continued) 

tert-Butyl  Alcohol 

Carbon  Disulfide 

Ethyl  Acetate 

32 
31 ' 

29 
27 
19 
18 
74 
60 
59 
57 
56 
55 
43 
42 
41 
32 
31 
29 
18 
78 
77 
76 
64 
44 
32 
88 
58 
31 
29 
28 
15 
88/89 
87 
73 
70 
61 
45 
44 
43 
42 
29 

4 
100 

4 
100 
4 

100 100 

100 100 
1 7 1  

100 100 
72 
16 
80 
48 
21 

7 

1 
5 

1 

4 
100 
10 

2 

5 

100 

94 
77 
5 
15 
100 

59 
50 
9 
47 
40 
27 
4 

100 
1 
8 

2 
12 

3 
1 
2 
2 

4 
100 
16 
1 
2 
4 

18 
1 
32 
4 
1 

100 

13 
30 
22 
10 
22 
100 

2 
5 
1 
10 
9 
11 
4 

100 
1 
10 

21 
15 
17 

3 
100 
9 
2 
2 
14 
3 
21 
8 
36 
13 
10 
9 
3 

100 
1 
18 
22 

24 
17 
37 
100 
17 
7 

31 

10 
10 
15 

100 

13 



TABLE 4 (continued) 

ELECTRON 

COMPOUND  m/e . 
ION12  ING WAVELENGTH (2) IMPACT 

1216 1048 950 803 70 eV 

Formaldehyde 

Freon 11 

Ethylene  Dichloride  102 
100 
98 
65 
64 
63 
62 
61 
51 
49 
27 
26 
32 
31 
30 
29 
28 
18 
121 
119 
117 
105 
103 
101 
66 
47 
35 
31 

Hydrogen  Chloride  39 
38 
37 
36 
35 

Hydrogen  Sulfide  36 
35 
34 
33 
32 
1 

8 
58 
78 
5 
42 
14 
100 

4 
100 

10 
57 
100 

4 
3 

100 

8 
48 
75 
23 
37 
59 

100 

7 
17 
5 

5 
3 

100 
41 
1 
3 

13 
71 
100 

5 
32 
11 
100 

5 
3 

100 

2 

9 
40 
65 
10 
26 
35 
73 
9 
21 
62 

100 

6 
4 
75 
100 
3 
6 
1 
3 
3 
11 
64 
100 

4 
32 
11 

100 

5 
5 

100 
48 
42 

32 
19 
100 

38 
92 
32 

11 
63 
100 
14 
10 
11 
10 

32 
5 

100 
17 
4 
2 

100 
42 
44 
5 
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TABLE 4 (continued) 

ELECTRON 

COMPOUND m/e IONIZING  WAVELENGTH (2) IMPACT 

1216  1048  950  803  70 eV 
. " . 

Methyl  Alcohol 

Propionaldehyde 

Methane 17. 
1 6  
15 
14 
13  
1 2  
33 
32  
3 1  
30  
29 
28 
1 8  

Methylene  Chloride 88  
87 
86 
85 
84 
83 
5 1  
5 0  
49 
4 8  
47 
35 

Nitric Oxide 30  
Nitrogen  Dioxide 47 

4 6  
30 
1 6  
14 
59 
58 
57 
44 
43  
3 1  
30 
29 
28 
27 
'26 

1 2  
100 
11 

11 
5 

64 
11 

100 
10 

100 100 

100 100 

17  24 
100  100 

17 

4 

6 
100 

22 
100 

97 
6 

10 
3 

61 
8 

96 
9 

32 
1 

100 
2 

100 

100 
20 

25 
100 

55 
2 
3 

10 
55 
56 

6 
100 

75 

26 
64 

100 
2 

9 
4 

62 
10  
97 
1 2  
3 1  

2 
100 

3 

100 

100 
39 

29 
62 
35 

2 
3 
3 
6 

100 
65 
12 

1 

2 
100 

86 
1 6  

8 
3 
1 

7 2  
100 

8 
4 2  

9 
2 

36 

58 

30 

100 

18 
1 2  

100 
1 

37 
100 

22 
10 

39 
15 

11 

100 
69 
55 
1 9  

15 - I 
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Toluene" 

Vinyl  Chloride 

m-Xylene 

o -Xyl  ene 

p-Xyl  ene 

Sulfur Dioxide 66 
64 
5 0  
4 8  
32 
1 6  
92 
9 1  
65 
63 
5 1  
39 
64 
63 
6 2  
61 
35 
28 
27 
26 
25 

106 
105 

9 2  
9 1  
77 
51 
39 

106 
105 

9 2  
91  
77 
5 1  
39 

106 
105 

92 
91 
77 
5 1  
39 

100 

30  
3 

100 

100 

10 

100 

9 

100 

1 8  

100 

34 
3 

100 

100 

14 
4 8  

100 

14 
49 

100 

31 
5 1  

100 

100 
7 8  

34 
4 

100 

1 
24 
1 

64 
8 

1 8  
100 

67 
11 
15 

100 

85 
10 

8 
100 

6 
100 

5 4  
100 

32 
4 

100 
3 

1 
5 4  

5 

5 0  
31 
11 

100 

47 
26 
10  

i o0  

48 
36 

9 
100 

5 
100  

2 
49  
10  

5 
73 

100 
11 

9 
8 
15 
25 

83 

9 
37 

100 
34 
13  
64 
28 

100 
13 
1 5  
19  
58 
24 

100 
13 
16 
1 6  
64 
30 

100 
14 
16 
39 

30 



peak intensi ty   exceeds  that   of   the   parent   peak  even a t  t h e   h i g h e s t  com- 
pa t ib l e   i on iz ing   wave leng th ,   and   t e r t i a ry   bu ty l   a l coho l   and   f r eon  11, 
which show no  parent  peak a t  a l l .  Only a few substances  exhibi t   no 
fragmentat ion  throughout   the  invest igated  wavelength  range.   These are  
ammonia, n i t r i c   o x i d e   a n d   s u l f u r   d i o x i d e .  Many of t he   spec t r a   ob ta ined  
show a qu i t e   s i zab le   con t r ibu t ion   t o   t he   pa ren t   p lus   one   peak .   In  
some cases, t h i s  may be  due  to   isotopes,   such as C13 whose concent ra t ion  
is about 1 percent .  However, i n   o t h e r  cases t h e  M+l peak is  too  
s t rong   t o   be   caused  by isotope  contributions.   For  example,  ammonia f a l l s  
i n t o   t h i s   c a t e g o r y .   I n   t h e s e  cases, . t h e  M+1 peak 'is probably  caused 
by  hydrogen or pro ton   t r ans fe r   fo l lowing   i on -neu t r a l   i n t e rac t ions .  Thus 
t h e   s t r o n g  M+1 peak  observed  with ammonia i s  d u e   t o   t h e   i o n  NJ34+, formed 
as a consequence of t h e   s t r o n g   d i p o l e   i n t e r a c t i o n   i n  ammonia. A similar 
observa t ion  i s  made w i t h   e t h y l   a c e t a t e .   I n   t h i s   c a s e ,   t h e   p a r e n t   a n d   t h e  
M+1 peak  cannot   be  ful ly   resolved  and  their   abundances were lumped to -  
ge the r   fo r   t he   pu rpose   o f   p re sen ta t ion   i n   Tab le  4.  

Most  of the   subs tances  show es sen t i a l ly   fu l ly   deve loped  fragmen- 
t a t i o n   p a t t e r n s  a t  8038. For  example,  the mass s p e c t r u m  of 1,4 - 
dioxane at 8032 is very similar to   tha t   ob ta ined   wi th   e lec t ron   impact  
ionizat ion.   Apparent ly ,   the   increase  in   energy  f rom 15.4 t o  70 e V  does 
n o t   r e s u l t   i n  a s ign i f icant   change   in   the   ion   f ragmenta t ion   processes  
f o r  many compounds. T h i s   o b s e r v a t i o n   i n d i c a t e s   t h a t   f o r   a n a l y t i c a l  
a p p l i c a t i o n s  of   photoionizat ion mass spec t romet ry ' t he re  i s  no advantage 
in   lowering  the  ionizing  wavelength  below 8008. On t h e   c o n t r a r y ,   t h e  
f ragmenta t ion   pa t te rns   sugges t   tha t   the  optimum wavelength  range i s  
950 t o  12162. Ligh t   i n   t h i s   wave leng th   r eg ion   i on izes  most substances 
wi th  a minimum of   f ragmenta t ion ,   ye t   the  mass spectra a re  s u f f i c i e n t l y  
deve loped   to   a l low  the   recogni t ion  of a p a t t e r n  so tha t   use   can   be  made 
of s t rong   f ea tu re s   o the r   t han   t he   pa ren t   peaks   fo r   ana ly t i ca l   a s ses s -  
ment s . 

For  the  recogni t ion  of  mass spectral  p a t t e r n s   a n d   f o r   a n a l y t i c a l  
a p p l i c a t i o n s ,  i t  i s  impor t an t   t o  know the  degree of r ep roduc ib i l i t y   p ro -  
vided by the   i n s t rumen t   i n   t h i s   r e spec t .   Th i s   f ac to r   can   be   de t e rmined  
by measurements  of isotopic   abundances.  Most isotope  abundances a r e  too 
small t o  be   usefu l   in   the   p resent   contex t   because   o f   the   l imi ted   sens i -  
t i y g t y  of the   ins t rumenta t ion .  However, t he   ch lo r ine   i so topes  Cf?35 and 

have  natural   abundances  of 75.5 and 24.5 percen t   r e spec t ive ly .  
Thei r   ra t io ,   approximate ly  3 .1  t o  1, i s  of a magnitude  which  can  be 
checked   convenient ly   us ing   the   appropr ia te   peaks  of t he   ch lo r ine   con ta in -  
i ng  compounds. These are  e thy lene   d i ch lo r ide ,   f r eon  11, hydrogen  chlor- 
ide,   methylene  chlor ide  and  vinyl   chlor ide.   Table  5 shows, f o r   t h e s e  
compounds, t h e  relative abundances of the  observed  peaks for t h e   f o u r  
ionizing  wavelengths  employed, the   ions   caus ing   the   s igna ls ,   and   the  
re la t ive abundances  calculated  f rom  the known na tura l   abundances   o f   the  
two ch lo r ide   i so topes .  The e x p e r i m e n t a l   r e s u l t s   i n d i c a t e   t h a t   t h e   c a l c u -  
lated  abundances are reproduced   to   be t te r   than  2 percent  of t h e   t o t a l  
a n d   t h a t   t h e  least  abundant mass peaks show a dev ia t ion  of less than 20 
percent   f rom  the  average.   There  appears   to   be  no  dependence  on wave- 
lengths .  The averaged  measured  abundances  for  each  ion a re  i n   e x c e l l e n t  

-.> - 
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TABLE 5 

RELATIVE ABUNDANCE OF MASS PEAKS DUE TO 35CR AND 37CR I N  THE 
MASS SPECTRA COMPOUNDS CONTAINING CHIQRINE 

RELATIVE ABUNDANCE 
COMPOUND m/e ASSIGNMENT Experimental  Results CALCULATED 

12 16a  10482 95 OB 8 0 d  Average 

W 
N 

Ethylene 
d i ch lo r ide  

Freon-11 

Methylene 
ch lor ide  

102 

100 

98 

65 

63 

64 

62 

105 

103 

101 

88 

86 

84 

51  

49 

C2H4 C l  C,4 

C2H4 CR CJ 

C2H4 C l  CR 

C2H43,7CR+ 

C2H:5Cl+ 

C2H337CR+ 

C2H335CR+ 

CF CR  CR 

CF CR  CR 

CF CR C l  

37  37 + 
37 35 + 
35  35 + 

37  37 + 
37 35 + 
35 35 + 

CH2CR CR 

CH2CR CR 

CH2CR Ca 

CH,37CR+ 

CH, 35Cl+ 

37 37+ 

37  35+ 

35 35+ 

0.06 0.06 0.08 0.07 

0.39 0.37  0.35 0.37 

0.54 0.57  0.56 0.56 

0.263 0.281  0.223 0.255 

0.736 0.721  0.778 0.745 

0.296 0.270  0.263 0.276 

0.705 0.730 - 0.738 '0.724 

0.06 0.07  0.06 0.06 

0.34 0.39 0.37 0.37 

0.60 0.54  0.57 0.57 

0.06 0.06  0.05 0.06 

0.36 0.36  0.37 0.36 

0.58 0.58  0.58 0.58 

- 0.243 0.237 0.240 

- 0.757 0.763 0.760 

0.06 

0.37 

0.57 

0.245 

0.755 

0.245 

0.755 

0.06 

0.37 

0.57 

0.06 

0.37 

0.57 

0.245 

0.755 



TABLE 5  (continued) 

RELATIVE ABUNDANCE 
COMPOUND m/e ASSIGNMENT Experimental  Results CALCUMTED 

12 162 1048x 95 Og SOB  Average 

Hydrogen 38 H37C.i?+ - - 0.243 0.243 0.243 0.245 

36 H35C.i?+ - - 0.757 0.757 0.757 0.755 

Vinyl 64 C2H337CJ+ 0.231 0.254 0.254 0.243 0.246 0.245 

62 C2H335C,l+ 0.769 0.746 0.746 0.757 0.754 0.755 

chlor ide 

chlor ide 

W 
W 



agreement   wi th   the   ca lcu la ted   ones .  It can  be  concluded,   that   the   repro-  
d u c i b i l i t y   o f  mass s p e c t r a l   p a t t e r n s  as  judged  from  the  isotopic  abun- 
dances i s  comparable t o   t h a t   o f   o t h e r  common mass spectrometers  which are 
no t   spec i f i ca l ly   i n s t rumen ted   fo r   i so top ic   abundance   ana lyses .  

. A s  po in t ed   ou t   i n   t he   i n t roduc t ion ,   one  aspect of t he   p re sen t   s tudy  
i s  the   i nves t iga t ion   o f  a d i f f e r e n t i a t i o n   o f   i s o m e r i c   s t r u c t u r e s  by  means 
of t he i r   f r agmen ta t ion   pa t t e rns .   Th i s   a spec t  w i l l  now be   d i scussed .  
Among the   inves t iga ted   subs tances  a re  t h r e e   s t r u c t u r a l   i s o m e r s :   t h e  
butenes ,   the   bu ty l   a lcohols ,   and   the   xy lenes .  A comparison  of   their  mass 
spectral  pa t te rns   p rovides   the   fo l lowing   in format ion .  The mass spectral  
pa t te rns   (and  re la t ive peak h e i g h t s )  of c i s -  and  t rans-butene a re  essen-  
t i a l l y   i d e n t i c a l   a t  a l l  the  four   ionizing  wavelengths  employed.  The 
c h a r a z t e r i s t i c   f e a t u r e  of the   cor responding   f ragmenta t ion   pa t te rns  i s  
that  the  predominant  peak  changes  from  the  parent  peak a t  m / e  = 56 a t  
the  longer  wavelengths  to  the  fragment  ion  peak a t  m / e  = 41 a t  950a and 
8038.  This  i s  not   the   case   for   bu tene-1 ,   for   which   the   paren t   ion  re- 
mains t h e  most i n t ense   i on  a t  a l l  wavelengths.,.   Butene-1  does  not  produce 

-a fragment  ion peak a t  m/e = 41 a t  1048 o r  9502,  whereas  cis-and  trans- 
butene  do.  Consequently, it i s  p o s s i b l e   t o   d i f f e r e n t i a t e  between c i s -  
and trans-butene-2  on  one  hand, and butene-1  on  the  other  by means of 
t h e i r   d i f f e r e n t   f r a g m e n t a t i o n   p a t t e r n s   i n  a l i m i t e d  wavelength  range. 
It  i s  i n t e r e s t i n g  t o  note   tha t   e lec t ron   impact   ion iza t ion   does   no t   p rovide  
s u f f i c i e n t l y   d i f f e r e n t   f r a g m e n t a t i o n   p a t t e r n s   f o r   t h e   t h r e e   b u t e n e s   t o  
a l low a similar d i sc r imina t ion .  

I n   c o n t r a s t   t o   t h e  resu l t s  obta ined   for   the   bu tenes ,  no apprec i ab le  
d i f f e rences   can   be   d i sce rned   fo r   t he  mass spectra of   the   th ree   xy lenes .  
Both the   spec t r a   and   t he   i on   i n t ens i t i e s   obse rved   fo r   o r tho - ,  meta-, 
and  para-xylene are  ve ry   s imi l a r ,  so t h a t  a d i f f e r e n t i a t i o n  between  these 
isomers by means of t h e i r   f r a g m e n t a t i o n   p a t t e r n s  i s  p rec luded .   In   t h i s  
case ,   therefore ,  no advantage i s  provided by photo ioniza t ion  compared t o  
e lec t ron   impact   ion iza t ion .  

The fragmentat ion  pat terns   of   the   four   butyl   a lcohols   exhibi t   consid-  
e r a b l e   d i f f e r e n c e s ,  s o  t h a t   t h e r e  i s  no d i f f i c u l t y   i n   d i s c r i m i n a t i n g  
between the   d i f f e ren t   bu ty l   a l coho l   i somers .   In  a l a t e r  s e c t i o n   o f   t h i s  
r e p o r t ,   t h e   a n a l y s i s   o f  a mixture   o f   the   four   bu ty l   a lcohols  w i l l  be 
descr ibed .  It should  be  not iced,   however ,   that   the   butyl   a lcohol   f rag-  
mentation  patterns  produced by e lec t ron   impact   ion iza t ion  a r e  a l s o   q u i t e  
d i f f e r e n t ,  so  t h a t   e l e c t r o n  impact  i on iza t ion   a l so   p rov ides   d i sc r imina t ion .  
The advan tage   o f   pho to ion iza t ion   i n   t h i s  case i s  main ly   the   g rea te r  s i m -  
p l i c i t y  of t h e  mass spectra so  t h a t   t h e   a n a l y s i s  i s  f a c i l i t a t e d .  Again, 
t h e  1048 t o  12161  wavelength  region i s  more f a v o r a b l e   f o r   a n a l y t i c a l  
applications  than  the  wavelength  region  below 9502 where  the  fragmenta- 
t i o n  i s  ex tens ive   and   t he   r e su l t i ng  mass spectra a r e  complex. 

F i n a l l y ,  i t  may be  of i n t e r e s t   t o  compare t h e  mass spec t r a  of func- 
t iona l   i somers .  The group  of  substances  including a l l y l  a lcohol   p ropr ion-  
aldehyde  and  acetone may serve as  an  example. The parent  peaks of t hese  
compounds f a l l   t o g e t h e r  a t  m / e  = 58, so t h a t   t h e i r   d i s c r i m i n a t i o n   c a n  
be  provided  only by d i f f e rences   i n   t he   f r agmen ta t ion   pa t t e rns .  A 
previous  technique  of  discrimination  which  has  been employed i n   t h e  s i m i -  
l a r  case  of acetone-butane  mixtures made u s e  of t h e   d i f f e r e n c e s   i n   t h e  
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i o n i z a t i o n   t h r e s h o l d s  so t h a t   d i f f e r e n t i a t i o n  was achieved by a choice  
of ionizing  wavelength.  Under appropr ia te   condi t ions ,   ace tone  was ion- 
ized  whereas  butane was not .   This   t echnique  i s  n o t   a p p l i c a b l e   i n   t h e  
case   o f   ace tone   and   a l ly l   a l coho l   because   t he i r   i on iza t ion   po ten t i a l s  
(and   photo ioniza t ion   onse ts )   co inc ide .  The fragmentat ion '   pat terns   of  
ace tone ,   a l ly l   a lcohol   and   propr iona ldehyde  are  s u f f i c i e n t l y   d i f f e r e n t  
t o  permit   d iscr iminat ion  between  the  three compounds i f   t h e   i o n i z i n g  
wavelength is  10488 or   lower.  R e s u l t s  f o r  a mixture  of  these compon- 
e n t s  w i l l  b e   d i s c u s s e d   i n  a subsequent   sect ion.  

The r e s u l t s   d e s c r i b e d   i n   t h i s   s e c t i o n   c a n   b e  summarized b r i e f l y  as 
fol lows.   Photoionizat ion  produces s i m p l e r  mass s p e c t r a  when compared 
with  electron  impact,   provided  the  ionizing  wavelength l ies i n   t h e  wave- 
length  region  above 9508. Suf f i c i en t   f r agmen ta t ion   occu r s   i n  most cases 
to   permit   d iscr iminat ion  between  those  substances  that   have  coinciding 
parent  peak mass numbers, i .e .  between func t iona l   i somers .   In  some 
cases, the   f r agmen ta t ion   pa t t e rns  a r e  s u f f i c i e n t l y   d i f f e r e n t   a l s o   f o r  
s t r u c t u r a l   i s o m e r s   t o   a l l o w   t h e i r   d i s c r i m i n a t i o n .   T h i s  is  so  for   bu tene-1  
compared wi th  cis- and/or   t rans-butene ,   and   for   the   var ious   bu ty l   a lco-  
hols ,   but   not   for   or tho- ,   meta- ,   or   para-xylene.   Isotope  abundances,  
measured f o r   t h e  two c h l o r i n e   i s o t o p e s ,   r e f l e c t   r a t h e r   f a i t h f u l l y   t h e  
na tura l   abundance   ra t io .  No dependence of the  abundances on ion iz ing  
wavelength  has  been  noted. 

C. S e n s i t i v i t i e s  

An impor t an t   f ac to r   i n   t he   ana ly t i ca l   app l i ca t ion   o f   t he   pho to ion -  
i z a t i o n  mass spectrometer  is  t h e   s e n s i t i v i t y  of the  instrument   with re- 
spect to   t he   gases   o r   vapor s   t o   be   i nves t iga t ed .   Accord ing ly ,   t he  mass 
s p e c t r o m e t r i c   s e n s i t i v i t y  was determined  for  each of the   ind iv idua l   sub-  
s t ances  whose f ragmenta t ion   pa t te rns  were s tudied  a t  t h e  employed four  
ionizing  wavelengths .  

The s e n s i t i v i t y  of a mass spectrometer  commonly i s  g iven   in   the  
u n i t s   a m p e r e s l t o r r ,   c o r r e s p o n d i n g   t o   t h e   r a t i o  of t he   r eadou t   cu r ren t   t o  
t h e  pressure in   the   ion   source ,   assuming  tha t   the   ion   p roduct ion  i s  
l inear   wi th   p ressure .   This   convent ion  w i l l  be  adopted  here.  The 
assumpt ion   tha t   the   ion   cur ren t  i s  p r o p o r t i o n a l   t o   t h e   p r e s s u r e   h o l d s  
only   wi th in  a l imi t ed  pressure range,  because  of  the  occurrence of ion-  
n e u t r a l   r e a c t i o n s  on one  hand  and  nonl inear   l ight   absorpt ion on t h e   o t h e r  
a t  h igher   ion   source  pressures. By the   u se  of a carrier gas   i n   t he  
p r e s e n t   i n v e s t i g a t i o n  i t  has  been  attempted  to  minimize  the  influence  of 
ion-molecule   react ions.   Nonl inear   l ight   absorpt ion cccurs only a t  
p r e s s u r e s   g r e a t e r   t h a n  100 microns,  which i s  beyond the   range   of   p ressure  
used  during  the  experiments.  Up t o  10 microns  pressure,  it was found 
t h a t   i o n   c u r r e n t s  were indeed   propor t iona l   wi th   the   p ressure   un less  
ex tens ive   ion-molecule   in te rac t ion   occur red .  

The s ignal   current   produced a t  t he   anode   o f   t he   e l ec t ron   mu l t ip l i e r  
d e t e c t o r  is  given by 

j = G y e u n L ? I  
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where I is  t h e   i n t e n s i t y  of   ion iz ing   l igh t   ( in   photons /sec . ) ,  1 i s  t h e  
e f f e c t i v e   l e n g t h  of t h e   i o n  chamber, n i s  - the   gas   dens i ty   o f   an   ion izable  
component, cr is the   pho to ion iza t ion   c ros s   s ec t ion ,  e is t h e   e l e c t r o n  
charge, 7 is the   e f f ic iency   wi th   which   ions   a re   ex t rac ted   f rom  the   source  
and   d i r ec t ed   i n to   t he  mass analyzer ,   and G i s  the.   gain  provided by t h e  
e l e c t r o n  m u l t i p l i e r  and  includes  any  losses of i o n   c u r r e n t   i n   t h e  mass 
ana lyzer .   S ince   the   gas   dens i ty  is  p r o p o r t i o n a l   t o   t h e  p re s su re  ( a t  room 
temperature n = 3 . 3  x 10 16 p ) ,   t h e   s e n s i t i v i t y  is 

S = j / p = G y ~ n I  

where   for   convenience ,   the   subs t i tu t ion  E = 3 . 3  x el has  been made. 
Accord ing ly ,   i f   t he   co l l ec t ion   e f f i c i ency   and   t he   ga in  of t h e   e l e c t r o n  
m u l t i p l i e r ,  i .e .  the   ins t rumenta l   fac tors ,   remained   cons tan t ,   the   sen-  
s i t i v i t y   f o r  a given  fragment ion would  depend  only on the   photo ioniza t ion  
c r o s s   s e c t i o n   a n d   t h e   i n t e n s i t y  of t he   i on iz ing   r ad ia t ion .   Th i s   i dea l  
s i tua t ion   cannot   be   expec ted   to   apply   in 'p rac t ice .   For   example ,   the  
c o l l e c t i o n   e f f i c i e n c y   d e p e n d s   c r i t i c a l l y  on t h e   a p p l i e d   e l e c t r i c   f i e l d s ,  
t h e   r e p e l l e r   s e t t i n g ,   t h e   a c c e l e r a t i o n   v o l t a g e ,   t h e   f o c u s i n g   c o n d i t i o n s ,  
etc. The  gain  of   the   e lectron  mult ipl ier   depends on the   app l i ed   vo l t age ,  
the   age   and/or   the   sur face   contaminat ion  of the  dynodes,   and  other  possible 
f a c t o r s .  It i s  u n r e a l i s t i c   t o   e x p e c t   a l l  of these  parameters   to   remain 
constant   over   long  per iods of time. Accordingly, i t  was r equ i r ed   t o  
check on the  change  of   the  sensi t ivi ty   f rom time to   t ime  wi th   the   a id  of 
a s t anda rd   gas   and   t o   de t e rmine   s ens i t i v i t i e s   r e l a t ive   t o   t he   s t anda rd .  
I n   t h e   p r e s e n t  work, n i t r i c   o x i d e  was  employed as   the   s tandard ,   be-  
cause it ion izes   a t   a l l   f ou r   wave leng ths   u sed   and   t he   on ly   i on  formed 
even a t  8032 i s  the   pa ren t   i on  NO'. The importance  of  this  procedure 
became apparent  when the  instrument  developed a l e a k   a f t e r   t h e   i n v e s t i -  
gation  had  been  about  half-way  completed.   Locating  and  f ixing  the  leak 
requi red  a temporary  removal  of  the  ion  source  which  resulted  in a loss 
of s e n s i t i v i t y  by about a f ac to r   o f  5, presumably d u e  t o  problems i n  
r e -a l ign ing   t he   i on   sou rce   p l a t e s .  The r e l a t i v e   s e n s i t i v i t i e s   w i t h   r e -  
s p e c t   t o  NO remained  unaffected  as shown  by dupl ica te   runs   involv ing  
severa 1 compounds. 

R e l a t i v e   s e n s i t i v i t i e s   f o r   a l l   t h e   i n v e s t i g a t e d  compounds a r e  assem- 
b led   in   Table  6 .  I n   e a c h   c a s e   s e n s i t i v i t i e s   a r e   g i v e n   f o r   t h e   p a r e n t  
peak   (un less   th i s   ion   peak  i s  absent ) ,   and   the   s t ronges t   peak   in   the  mass 
spectrum i f   t h i s  i s  not   the   paren t   peak .   In   addi t ion ,   the   concent ra t ion  
of  sample i n   t h e   c a r r i e r   g a s   a n d   t h e   a p p l i e d   a c c e l e r a t i o n   v o l t a g e   a r e  
ind ica ted .  The s e n s i t i v i t y   d a t a   a r e   n o r m a l i z e d   w i t h   r e s p e c t   t o   t h e  
l i g h t   i n t e n s i t y  and   the   ion   acce le ra t ion   po ten t ia l ,   assuming  the .o ther  
parameters   to   remain  constant .  Thus t h e   r e l a t i v e   s e n s i t i v i t i e s   g i v e n   i n  
Table 6 a r e  

where  the  subscr ipts  1 and 2 r e f e r  t o  the  sample compound and n i t r i c   o x i d e ,  
r e spec t ive ly .  
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TABLE 6 

RELATIVE  SENSITIVITIES (WITH REFERENCE  TO NO) 
AT  FOUR WAVnENGTHS 

- 

CONCEXTR. ACCELER. MASS 
COMPOUND  IN  CARRIER GAS VOLTAGE  NO 

amu - ~ - % 

Acetone  7.0 9 00 58 
' 43 

Acetaldehyde  10 9 00 44 
29 

Allyl  Alcohol  2.9 9 00 58 
57 

Ammonia 9  9 00 17 
Benzene  8.5 5 00 ' 78 
Butene-1  7.8 9 00 56 
cis-Butene-2 9  900  56 

41 
trans-Butene-2  8.5 900  56 

41 
n-Butyl  Alcohol  0.82 600 74 

56 
iso-Butyl  Alcohol  1.4 600 74 

33 
43 

sec-Butyl  Alcohol  2.1 600 74 
44 
45 

tert-Butyl  Alcohol  2.4 600 74 
59 

Carbon  Disulfide  5.5 7 00 76 
1,4  Dioxane 3  6 00 88 

28 
Ethyl  Acetate 7 600 88 

43 
Ethylene  Dichloride  7.4 550 9 8* 

62 
27 

Formaldehyde  1.9 900 30 
29 

Freon  11 8.0 410 136* 
101 

Hydrogen  Chloride 6.8 9 00 3 6* 
Hydrogen  Suifide 8.8 900 34 
Methane 10 9 00 16 

- " - ~ 

- " - " 

IONIZING 
WAVELENGTH (8) 

803 950 1048  1216 

0.25  1.00  1.37  5.4 
0.86 1.00 0.31 - 
0.45  0.72 1.74 - 
0.48 0.19 - - 
0.01  0.05 0.75 1.8 
0.05  0.25 2.50 - 
0.46 0.61 0.55 0.033 
0.17  0.67 6.1 7.8 
0.81  2.30 5.56 2.82 
0.43  1.94 2.00 3.10 
0.59  2.18 - - 
0.43  1.94 2.10 4.74 
0.65  2.40 - - 
0.078  0.32 0.132 0.24 
2.60 10.00 1.65 0.17 
0.21  0.42 0.52 0.55 
0.66  1.18 1.15 - 
1.10  1.40 0.33 - 
0.27  0.30 0.04 0.21 
0.99  5.30 0.44 0.75 
9.00 10.00 1.00 0.037 

2.7  5.4 3.3 2.10 
4.0 8.1 31.0 4.80 
0.027  0.097 0.72 1.52 
0.091  0.10 - - 
0.0087  0.063 0.41 0.44 
0.097  0.118 0.016 - 
0.14  0.20 0.23 - 
0.18  0.27 0.26 - 
0.22  0.013 - - 
1.10  3.00 1.15 - 
1.33  7.35 - - 
1.00 1.40 0.48 - 
0.34 1.12 - 
0.36 1.36 2.25 
0.3 0.08 - - 

- - - - 

- - - - 
. -  

- 
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T A B U  6 (continued) 

CONCENTR.  ACCELER. MASS IONIZING 
COMPOUND IN CARRIER GAS VOLTAGE NO WAVELENGTH (8) 
1 
Methyl  Alcohol 

Methylene  Chloride 

Nitric  Oxide 
Nitrogen  Dioxide 
Psopionaldehyde 

Sulfur  Dioxide 
Toluene 
Vinyl  Chloride 
m-Xyl  ene 

o-Xylene 

p-Xylene 

4.6 

8.7 

7.5 
1.6 
3.1 

12 
3.0 
9.1 
0.79 

0.95 

0.98 

900 

600 

9 00 
9 00 
850 

900 
5 00 
800 
5 00 

500 

5 00 

32 
31 
84* 
49 
30 
46 
58 
29 
64 
92 
6 2* 
106 
91 
106 
91 
106 
91 

0.30 
0.50 
0.78 
0.81 
1.00 
0.38 
0.76 
1.22 
0.30 
0.175 
1.03 
0.45 
0.90 
0.29 
0.62 
0.18 
0.37 

1.05 
0.11 
1.45 
1.49 
1.00 
1.17 
1.58 
0.87 
1.84 
0.31 
2.63 
0.36 
0.56 
0.40 
0.60 
0.16 
0.19 

1.10 
1.07 
1.45 

1.00 
0.26 
1.76 
0.07 

0.97 
2.50 
3.30 
1.59 
2.61 
1.28 
3.1 
1.58 

- 

- 

- 
- 
- 
- 
1.00 
0.03 
4.18 - 
- 
2.9 
2.3 
4.60 

3.36 

4.50 

- 
- 
- 

* 35Ci  isotope  parent  peak. 
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The r a t i o  of l i g h t   i n t e n s i t i e s   i n   t h i s   e x p r e s s i o n  i s  s imply  the 
r a t i o   o f   t h e   p h o t o m u l t i p l i e r   s i g n a l s .  The response  of  the  sodium 
s a l i c y l a t e  phosphor  with  which  the  photomultiplier view p l a t e  is  coated 
is p r o p o r t i o n a l   t o   t h e   l i g h t   i n t e n s i t y .  It i s  also  independent   of  wave- 
length  over  a wide  range,  including  the  wavelength  region employed h e r e  
(Ref .10) .   Thus,   the   photomult ipl ier   s ignal  i s  a d i r e c t  measure  of  the 
l i g h t   i n t e n s i t y .  The invo lved   p ropor t iona l i t y   f ac to r  w i l l  be  derived 
i n  a subsequent   sect ion.  

The in f luence  of t h e   a c c e l e r a t i o n   v o l t a g e  on t h e   i o n   c o l l e c t i o n  
eff ic iency,   and  thus on tk s e n s i t i v i t y ,  had to   be   de te rmined  by a u x i l i a r y  
measurements. Nitric oxide w a s  the  sample  gas   used  in   this   experiment .  
The resul ts  are  shown i n   F i g u r e  7 on a n   a r b i t r a r y  scale. Data were ob- 
t a ined  on  two d i f f e ren t   days   and  two ionizing  wavelengths ,  1216  and 10482. 
It i s  a p p a r e n t ,   t h a t   t h e   s e n s i t i v i t y   i n c r e a s e s   c o n s i d e r a b l y   w i t h   i n c r e a s -  
ing  acceleration  voltage.   Accordingly,   the  measurements were made wi th  
a n   a c c e l e r a t i o n   s u p p l y   v o l t a g e   s e t t i n g  of 900 v o l t s ,  whenever  possible. 
Then, t h e   c o r r e c t i o n   f a c t o r  y / y  i s  un i ty .   In  a l l  t he   ca ses ,   co r rec t ions  
were made on t h e   b a s i s  of the2da$a   in   F igure  7 .  

Table 6 i n d i c a t e s   t h a t   t h e   r e l a t i v e   s e n s i t i v i t e s  a re  of the   o rder  
of   uni ty  a t  t h e  two longest  wavelengths,  1216 and 10488, and  that   they 
dec rease   a t   sho r t e r   wave leng ths .   Th i s  i s  due  mainly to   t he   i nc reas ing  
fragmentat ion  experienced by t h e   i n i t i a l   p h o t o i o n .  

Absolu te   sens i t iv i t ies   can   be   ob ta ined   f rom  the   da ta   in   Table   6 ,  
i f   t h e   a b s o l u t e   S e n s i t i v i t y  of n i t r i c   o x i d e  i s  known. Measurements  of 
the  sensi t ivi ty   of   ni t r ic   oxide  were  performed  f rom t i m e  t o  time. The 
r e s u l t s   f a l l   i n t o  two ca tegor ies :   h igh   va lues ,   ob ta ined  on t h e   f i r s t  
period,  and  values  lower by about a f ac to r   o f  5 o b s e r v e d   a f t e r   t h e   i n s t r u -  
ment was par t ia l ly   disassembled  because of the  development  of  an a i r   l e a k .  
The a v e r a g e d   r e s u l t s  of t h e s e  two groups  of  measurements are  shown i n  
Table 7 .  S i n c e   t h e   a b s o l u t e   s e n s i t i v i t e s   a r e  a func t ion  of t h e   l i g h t  
i n t ens i t i e s ,   t he   ave rage   pho tomul t ip l i e r   r ead ings   fo r  which these  sen-  
s i t i v i t i e s  are  v a l i d  are  a l s o   g i v e n   i n   T a b l e  7 .  There i s  no  reason  to  
suspec t   t ha t   t he   sudden   d rop   i n   s ens i t i v i ty  i s  due t o  a change i n   t h e  
ga in   o f   t he   e l ec t ron   mu l t ip l i e r   de t ec to r ,   t he   g ra t ing   e f f i c i ency ,   t he  
sodium s a l i c y l a t e   c o n v e r s i o n   e f f i c i e n c y ,   e t c .  The e f f i c i e n c i e s  of t hese  
components do show a decrease   wi th  time, but   the  change is  slow  and 
gradual ,   never   sudden.   For   example,   the   e lectron  mult ipl ier   gain  has  
been  found to   decrease   g radual ly   over   the   years ,   and  i t s  supply   vo l tage  
which i n i t i a l l y  w a s  set  t o  2200 v o l t s  had t o   b e   i n c r e a s e d   t o  3000 v o l t s  
i n   t h e   p r e s e n t  work t o  compensate f o r   t h e  decay. The most l i ke ly   cause  
f o r   t h e  sudden   drop   of   sens i t iv i ty   appears   to   be  a loss of   i on   co l l ec t ion  
e f f i c i e n c y   d u e   t o   e r r o r s   i n   t h e   a l i g n m e n t  of the  ion  source  components. 
S i n c e   t h i s   f a c t o r   c a n   b e   c o r r e c t e d ,  i t  appears   reasonable  t o  adopt   the  
set o f   h igh   s ens i t i v i ty   va iues  and t o  le t  them r e p r e s e n t   t h e   p r a c t i c a l  
s e n s i t i v i t y   o f   t h e   i n s t r u m e n t .  On t h i s   b a s i s ,   t h e  re la t ive  s e n s i t i v i t i e s  

39 



0 

3.0 

2.0 

I .o 

A A 1216 
0 .  1048 0 

A 

0 / A 
0 

A 
0 

I I I I 
400 600 800 1000 

ACCELERATION SUPPLY VOLTAGE 

Figure 7. Sensitivity  versus  acceleration voltage. 
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TABLE 7 

AVERAGE  PHOTOMULTIPLIER SIGNALS AND TYPICAL 
MASS SPECTROMETER SENSITIVITIES FOR NITRIC OXIDE* 

WAVELENGTH (8) 803 950 1048 1216 

Photomultiplier 

signal (10 amps) -9 8.7 f 2.6 5 . 6  f 1.4 3.2 k 0.5 6.7 i 1 . 9  

Light  intensity 
(10 photons/sec) 8 + 7.0 i 2.0 4 . 4  k 1 . 0  2.5 k 0.5  5.4 f 1.0 

+ Sensitivity 

amps/torr) (a) 3 . 9  +- 2.0 8.7 i 2.3  4.2 i 1 .5   2 .0  k 0.7 

(b) 6.6  i 2.5  1.35 i 0.3 0.71 i 0.2   0 .40  i 0.15 

* Conditions:  Photomultiplier  supply  voltage 600 volts.  Electron- 

multiplier  voltage 3000 volts.  Accelerator  supply  voltage 900 volts. 

Spark  Light  source  operated  with  argon  at 200 microns  pressure, 65 

milliamps; dc Light  source  operated  with  argon (10488),  or argon 

mixed  with  hydrogen (12168)  at 800 microns  pressure, 280 milliamps. 

+ See  Section 1II.F for  a  derivation  of  light  intensities. 

(a) before  and (b) after  ion  source  reassembly  required  to  fix  a  leak 

in  the  system. 



i n   T a b l e  6 can   be   pu t   on   an   absolu te  scale. The r e s u l t i n g   s e n s i t i v i t y  
va lues  a r e  l i s t e d   i n   T a b l e  8. Most o f   t h e   s e n s i t i v i t i e s   d e r i v e d   i n   t h i s  
manner l i e  i n   t h e  10-7 t o   ampere / to r r   r ange .   Occas iona l ly ,   s ens i -  
t i v i t y   v a l u e s   l o w e r   o r   h i g h e r  by a f a c t o r  of 10 are  observed, 

D. Problems  with NO2 

The behav io r   o f   n i t rogen   d iox ide   had   t o   be   i nves t iga t ed   i n   de t a i l ,  
because a t  wave leng ths   above   t he   t h re sho ld   fo r  NO+ format   ion   the  NO2 
rrass s p e c t r a  showed peaks a t  m/e = 30 ( a t t r i b u t a b l e   t o  NO + ), t h e   i n t e n -  
s i t i e s   o f   w h i c h  were comparable   to   those of N 0 2 +  a t  m / e  = 46. Owing t o  
t h e   p o s s i b i l i t y   t h a t   n i t r o g e n   d i o x i d e  was contaminated  with NO, a series 
of  experiments were pe r fo rmed   des igned   t o   de t e rmine   t he   o r ig in   o f   t he  
observed NO+ s i g n a l .  The r e s u l t s  a re  shown i n   T a b l e  9. 

NO2 was t aken   d i r ec t ly   f rom a lecture  b o t t l e ,   a d d e d   t o   t h e  evacu- 
a t e d   i n l e t   s y s t e m   o f   t h e   p h o t o i o n i z a t i o n  mass spectrometer ,   and  then 
a d m i t t e d   t o   t h e   i o n   s o u r c e  of the   ins t rument  via t h e   s a m p l e   i n l e t  valve. 
Source pressures ranged  from 0 t o  5 microns as  i n d i c a t e d  by t h e   H a s t i n g s  
thermocouple  gauge. A s  d e s c r i b e d   i n   S e c t i o n  11. C . ,  t h e   i n l e t   s y s t e m  
was provided  with a d ry   i ce -ace tone   co ld   t r ap ,  by means of  which NO2 
could   be   f rozen   ou t   wi thout   a f fec t ing  NO. 

It was f i r s t   a t t e m p t e d   t o   p u r i f y  NO2 by f r e e z i n g  i t  i n t o   t h e  t r ap ,  
so tha t   any  NO impuri ty   could  be pumped o f f .  The p u r i f i e d  NO2 i nd ica -  
t e d  a s l i g h t   b u t   n o t   s i g n i f i c a n t  improvement i n   t h e   o b s e r v e d  NO+/NO-+ 
i o n s   c u r r e n t   r a t i o s ,  as Table  9 t e s t i f i e s .   I f   t h e   d r y  ice  a c e t o n e   8 a t h  
was a p p l i e d   t o   t h e  t r a p  wh i l e  NO2 was a d m i t t e d   t o   t h e  mass spec t rometer ,  
bo th   the   peaks  a t  m / e  = 30 and m / e  = 46 vanished  simultaneously.   Thus,  
t h e  mass 30 peak   d id   no t   o r ig ina te   f rom  an  NO impuri ty .   Rather ,  i t  
appea red   t ha t  NO was produced  by a chemica l   r eac t ion   i nvo lv ing  NO2 and 
par t s  o f   t he   i n l e t   sys t em.   S ince   t he   b ra s s   va lve   u sed   fo r   r egu la t ing  
t h e  sample f low  in to   t he   i on   sou rce  was a l i k e l y   p o i n t   o f   i n t e r a c t i o n ,  
i t  was repla.ced by a s t a i n l e s s  s t ee l  valve.   This   measure  reduced  the 
NO+/NOz' i o n   c u r r e n t   r a t i o  measured a t  12162 by a f ac to r   o f   abou t  4. 
F u r t h e r  improvement.was a t t a i n e d  when the   ap iezon   s topcock   grease   used  
i n   t h e   i n l e t   s y s t e m  was rep laced  by Kel F g rease .   In   each   ca se ,  it was 
f o u n d   t h a t   t h e  mass s p e c t r o m e t e r   s i g n a l s   f o r  N 0 2 +  and NO were p ropor t iona l  
w i t h  pressure up t o  5 microns, so t h a t  it i s  u n l i k e l y   t h a t  NO+ i s  gen- 
e r a t e d  by an  ion-molecule   react ion of NO +. The d a t a   i n   T a b l e  9 q u i t e  
c l e a r l y   i m p l y   t h a t   t h e  main o r i g i n   o f  N O 3  i s  NO formed  by  interact ion  of  
NO2 wi th  parts of t h e   i n l e t   s y s t e m .  The a b s o l u t e   s e n s i t i v i t i e s   o b s e r v e d  
in   con junc t ion   w i th   t hese   expe r imen t s  a r e  a l s o   l i s t e d   i n   T a b l e  9. These 
va lues  were co r rec t ed  by a n   a p p r o p r i a t e   f a c t o r  so tha t   t hey   can   be  com- 
p a r e d   d i r e c t l y   t o   t h o s e   o b t a i n e d   w i t h  NO2 i n  a c a r r i e r   g a s   a n d   l i s t e d   i n  
Table  8. It a p p e a r s   t h a t   t h e   s e n s i t i v i t e s   o b s e r v e d   w i t h  p u r e  NO2 a re  
lower  than when mixed i n t o  a c a r r i e r   g a s .  The r e a s o n   f o r   t h i s   d i s c r e p a n c y  

+ 
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TABLE 8 

ABSOLUTE SENSITIVITIES 
FOUR  WAVELENGTHS.  CONDITIONS  AS 

amps/torr) AT 
GIVEN IN  TABLE  7. 

I 
! Acetone 

Acetaldehyde 

Allyl  Alcohol 

Ammonia 
Benzene 
Butene- 1 
cis-Butene-  2 

trans-Butene-2 

n-Butyl  Alcohol 

iso-Butyl  Alcohol 

sec-Butyl  Alcohol 

tert-Butyl  Alcohol 

Carbon  Disulfide 
1,4  Dioxane 

Ethyl  Acetate 

Ethylene  Dichloride 

Formaldehyde 

Freon  11 

Hydrogen  Chloride 
Hydrogen  Sulfide 
Methane 

58 
43 
44 
29 
58 
57 
17 
78 
56 
56 
41 
56 
41 
74 
56 
74 
33 
43 
74 
44 
45 
74 
59 
76 
88 
28 
88 
43 
98 
62 
27 
30 
29 
136 
101 
36 
34 
16 

9.8 
33.5 
17.5 
18.7 
0.39 
1.95 
18 
6.6 
31.6 
16.8 
23.0 
16.8 
25.3 
3.04 
10.0 
8.2 
25.7 
42.8 
10.5 
38.5 
350 

- 
10.9 
156 
1.05 
3.55 
0.34 
3.78 
5.45 
7.00 
8 . 610 

42.8 
52.0 

39 
13.3 
14.0 
11.7 

- 

8.7 
8.7 
6.3 
1.65 
0.43 
2.18 
5.3 
5.8 
20 
16.8 
19.0 
16.8 
19.0 
2.8 
87 
3.65 
10.3 
12.2 

46.0 
87 

47 
71 

2.61 

- 

0.84 
0.87 
0.55 
1.02 
1.74 
2.35 
0.11 
26.1 
10.0 

12.2 
9.7 
11.8 
0.7 

- 

5.7 
1.3 
7.35 

3.15 

2.31 

- 
10.5 

25.6 
23.4 
8.4 

8.8 

0.55 
6.95 
2.18 
4.82 
1.38 
0.17 
1.85 
4.20 

- 
- 

- 
13.9 
130 
3.02 

1.72 
0.07 
0.97 
1.09 

4.03 

- 

- 

- 
- 
2.0 

9.5 
- 
- 

10.8 
- 
- 
- 
3.6 

0.066 

5.65 
6.20 

9.50 

0.48 
0.34 
1.10 

- 
15.6 

- 

- 

- 
- 
0.42 
1.50 
0.074 

4.20 
9.6 
3.04 

0.88 

- 

- 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 



TABLE 8 (continued) 

~~ ~ ~~ 

IONIZING 
COMPOUND MASS NO WAVELENGTH (8) 

a m  803  95 0 1048 ~ - 1216 - - 

Methyl Alcohol 

Methylene  Chloride 

Nitric  Oxide 
Nitrogen Dioxide 
Propiongldehyde 

Sulfur  Dioxide 
Toluene 

Vinyl  Chloride 
m-Xylene 

o -Xyl ene 

p -Xyl ene 

32 
3 1  
84 
49 
30 
46  
58  
29 
64 
92  
91  
62  

106 
91  

106 
91  

106 
9 1  

11.7 9 . 1  
19.5 0.95 
30.4 12.6 
31.5 12 .9  
39 .0  8.7 
14 .8  10 .2  
29.6 13.7 
47.5 7 . 6  
11.7 16 .0  
68.2 2 .70  
12.8  2 .08 
40  22.9 
17.6  3 .13 
35.1  4.87 
11.3  3.48 
24.2  5 .22 
7 . 0   1 . 3 9  

14.4 1 .65  

4 .62  
4 .5  
6 . 1  

4 . 2  
1 . 0 8  
7 . 4  
0.29 

4.1 

10 .5  
13 .8  

6.7 
11.0 
5 .4  

13 .0  
6 . 6  

- 

- 
- 

- 
2.0 
0.06 
8.36 

- 
5.8  

4 . 6  
9 .2  

6.72 

9 .0  

- 

- 
- 
- 
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TABLE 9 

NO+/NO~+ ION CURRENT RATIOS AND  NO^ SENSITIVITIES OBSERVED FOR 

DIFFERENT  EXPERIMENTAL  CONDITIONS 

CONDITIONS  WAVELENGTH i (NO+’i (NO2+) SENSITIVITY NO2 

<% (ampitorr:) 

~~~ - 

Unpur i f   i ed  NO 2 

~~ 

1216 

P u r   i f   i e d  NO2 

w i t h   b r a s s  valve 

P u r i f i e d  NO2 

w i t h   s t a i n l e s s  

valve 

P u r i f i e d  NO2 with 

s t a i n l e s s  steel 

valve and  Kel-F 

s top -cock   g rease  

1216 

1216 

1216 

1048 

2.15 

0.57 

0.15 

0.02 

0.97 x 

1.15 x 

1.00 x 

1.14 x 

1.84 x 
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probably i s  the   d i f fe ren t   response   o f   the   thermocouple   gauge   in   the  
two cases .  It i s  of i n t e r e s t   t o   n o t e   t h a t   t h e   s e n s i t i v i t y   f o r  NO2 
a t  m / e  = 46 i s  n o t   a f f e c t e d  by the   gene ra t ion  of NO from NO2 i n   t h e  
i n l e t   s y s t e m ,   i n d i c a t i n g   t h a t   t h e  NO impuri ty  i s  comparatively small. 
Indeed,  from  the re la t ive s e n s i t i v i t i e s   f o r  NO and NO2,' t h e  amount of NO . 

impur i ty   p resent  i s  es t imated   to   range   f rom 0.5 t o  10 percent .  The 
considerable   inf luence  of   the NO impuri ty  on t h e  mass spec t rum is  due t o  
t h e   r e l a t i v e l y  small s e n s i t i v i t   o f  NO2 a t  the   ion iz ing   wavelength  12162. 
The s e n s i t i v i t y   f o r  NO2 a t  1048 ti is  abou t   t en  times t h a t   a t  12168 so 
t h a t   t h e   e f f e c t  of  any NO impurity i s  lessened.  A t  950 and 8032, NO' 
i s  a fragment   resul t ing  f rom NO ion iza t ion .   In   t h i s   wave leng th   r ange  
the   p re sen t   da t a  a re  in   reasona6le   agreement   wi th   those   ob ta ined  by 
Dibe ler ,  e t  a l .  (Ref. 11) in   an   independent   s tudy .  

E .  D.etection L i m i t s  

A s  a c o u n t e r p a r t   t o   t h e   i n s t r u m e n t a l   s e n s i t i v i t y   f o r  a given  sub-  
s tance,  i t  i s  d e s i r a b l e   t o  know the  lowest  limit of  the  sample  concentra- 
t i o n   t h a t  one  can  detect .   Apart   f rom  the  sensi t iv; ty ,   the   detect ion 
l imit   depends  on two f a c t o r s :   t h e  background n o i s e   l e v e l   o f   t h e   e l e c t r o -  
meter  output,  and the  optimum sample p r e s s u r e   i n   t h e   i o n   s o u r c e .  Both 
f a c t o r s  may vary  considerably  with  experimental   condi t ions,  so t h a t  
a b s o l u t e   d e t e c t i o n  limits a re   sub jec t   t o   even   g rea t e r   unce r t a in ty   t han  
a b s o l u t e   s e n s i t i v i t i e s .  

High pressures  of  sample in   t he   i on   sou rce   obv ious ly   a r e   f avorab le  
fo r   ach iev ing  low d e t e c t i o n  limits, but   as   d i scussed   prev ious ly ,   the  
usefu l   p ressure   range  i s  bounded f o r  most a p p l i c a t i o n s  by n o n l i n e a r i t i e s  
r e su l t i ng   f rom  ion -neu t r a l   r eac t ions ,   s a tu ra t ion   e f f ec t s ,   e t c .  However, 
i f   t h e  sample i s  c o n t a i n e d   i n  a c a r r i e r   g a s  which  does  not  ionize a t   t h e  
employed  wavelength,  and i f   t h e  sample  concentrat ion i s  s u f f i c i e n t l y  
small , the  upper  l i m i t  p r e s s u r e   i n   t h e   i o n  chamber i s  determined  only by 
the   capac i ty   o f   the  pumps. I n  t h i s   ca se ,   t he   p re s su re  may be a s   h i g h   a s  
100 microns. A i r  q u a l i f i e s   a s  a c a r r i e r   g a s   a t   t h e   w a v e l e n g t h s  1216  and 
10488;  nitrogen and h e l i u m   a t   a l l   f o u r   w a v e l e n g t h s  employed i n   t h e   p r e s e n t  
s tudy . 

The background  noise   of   the   e lectrometer   depends  cr i t ical ly   on  the 
qua l i t y   o f   t he   cab le  and the  connect ions  coupl ing  the  e lectrometer   input  
t o   t h e   e l e c t r o n   m u l t i p l i e r   o u t p u t .  In add i t ion ,   t he   no i se   l eve l  i s  given 
by the   e l ec t ron   mu l t ip l i e r   da rk   cu r ren t ,   h igh   f r equency   no i se   f rom  the  
spark  source and o the r   ex t e rna l   sou rces ,  and the  t i m e  cons t an t  of   the   e lec-  
trometer  output.   With  the time c o n s t a n t   s e t   t o  1 second ( f u l l  damping) 
and   the   e lec t ron   mul t ip l ie r   supply   vo l tage  set  t o  300 v o l t s ,   t h e   e l e c t r o -  
meter  background  noise  level i s  approximately 5 x lomy5 amperes.  High 
humidi ty ,   inadequate   shielding,  worn spark   source   po in ts ,   e tc .  may inc rease  
the   no ise  level. 
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i j  
? 

For   t he   ca l cu la t ion   o f   de t ec t ion  limits, i t  may be  assumed 
I) s igna l   can  be  observed i f  i t  equals   o r   exceeds   the   no ise  level. 

d e t e c t i o n  limit i s  def ined  as 

t h a t  a 
Thus the 

4 
i ia t he   t o t a l   i on   sou rce   p re s su re ,  N t h e   n o i s e   l e v e l   i n  amperes,  and, S the  

! 

where p i s  t h e   p a r t i a l   p r e s s u r e   o f  a subs t ance   i n   t he   i on   sou rce ,  pt 

s ens i t i v i ty   o f   t he   i n s t rumen t   fo r   t he   subs t ance   unde r   cons ide ra t ion .  The 
va lues   adop ted   fo r   t he   de r iva t ion  of d e t e c t i o n  limits a r e  N = 5 x 
amperes, p I t o r r ,   w i t h   t h e   s e n s i t i v i t i e s   g i v e n   i n   T a b l e  8. The 
ca l cu la t ed   de t ec t ion  l imits a r e  surmnarized i n  Table 10. From the  remarks 
above, i t  i s  e v i d e n t   t h a t   n o i s e  levels higher   than 5 x amperes may 
be encountered  under   adverse  condi t ions,   but   the   choice of ion   source  
p r e s s u r e   d e l i b e r a t e l y  i s  conserva t ive ,  so t h a t   t h e   r a t i o   o f  N/p may be 
optimized. Hence, t he   de t ec t ion  limits g iven   i n   Tab le  10 provi$e a 
r e a l i s t i c   a s s e s s m e n t   o f   t h e   d e t e c t i o n   c a p a b i l i t i e s   o f   t h e   p h o t o i o n i z a t i o n  
technique .   In  most cases ,   the   de tec t ion  l imits l i e   i n   t h e  5 t o  50 PPm 
concentrat ion  range.  

lil 
d 

t 

F. Eff ic iency  of   Instrumentat ion 

I n   t h i s   s e c t i o n ,  a se t  of  experiments w i l l  be descr ibed by which  the 
e f f i c i ency   o f   t he   i n s t rumen ta t ion   can  be determined.  For  this  purpose,  
one requires   measurements   of ,   (a)   the   l ight   f lux  through  the  ion  source 
and the   assoc ia ted   ion   p roduct ion ,   (b)   the   ion   cur ren t   en te r ing   the  mag- 
ne t ic   ana lyzer ,  and  (c)  the  gain  provided by t h e   e l e c t r o n   m u l t i p l i e r .  

(a)  To de termine   the   l igh t   f lux  and ion   y ie ld ,   the   ion   source  was 
used  as  an  ionization  chamber.  The ion  draw-out  electrode  of  the  ion 
source was connec ted   to   the   Kei th ley   e lec t rometer .  The body of  the  ion 
source and t h e   r e p e l l e r  were jo in t ly   connec ted   t o   t he   pos i t i ve   l ead  of a 
22-vol t   ba t te ry .  The o ther   l ead  was grounded. The ba t t e ry   supp l i ed   t he  
p o t e n t i a l   n e c e s s a r y   t o   d r i v e   e s s e n t i a l l y   a l l   i o n s  formed wi th in   t he   i on  
source   to   the   d raw-out   p la te   which   thus   ac ted   as   the   ion   co l lec te r .  No 
o t h e r   f i e l d s  were  employed. The dc source  operated  with  hydrogen was 
used in   t hese   expe r imen t s  and the monochromator was i n i t i a l l y  set t o  12168. 
N i t r i c   ox ide  was employed as   the   ion izable   gas ,   because  i t  had served  as  
the  reference  gas   throughout   the  course  of   the   present  work  and i t s  
i o n i z a t i o n   c r o s s   s e c t i o n   a t  12168 i s  well known.  The ion   cur ren t   observed  
i n   t h i s  manner i s  

j i  = e oi(NO) n L Io 

where e = 1.6 x 10 Coulombs, ai (NO) = 1.95 ~ 1 O - l ~  cm2 i s  the  photo-  
i on iza t ion   c ros s   s ec t ion   o f  NO (Ref. 13, n the  NO gas  density,  L = 1 .28  c m  
the   l eng th   o f   t he   i on iza t ion   r eg ion  and I t h e   l i g h t   i n t e n s i t y   i n   p h o t o n s /  
sec. 

-19 

0 
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TABLE 10  

DETECTION LIMITS I N  PARTS  PER MILLION DERIVED 
FROM THE SENSITIVITIES GIVEN I N  TABLE 8 

Acetone 

Acetaldehyde 

Allyl  Alcohol 

Ammonia 
Benzene 
Butene- 1 
cis-Butene-2 

trans-Butene-2 

n-Butyl  Alcohol 

iso-Butyl  Alcohol 

sec-Butyl  Alcohol 

tert-Butyl  Alcohol 

Carbon  Disulfide 
1,4  Dioxane 

Ethyl  Acetate 

Ethylene  Dichloride 

Formaldehyde 

Freon  11 

Hydrogen  Chloride 
Hydrogen  Sulfide 
Methane 
Methyl  Alcohol 

58 
43 
44 
29 
58 
57 
17 
78 
56 
56 
41 
56 
41 
74 
56 
74 
33 
43 
74 
44 
45 
74 
59 
76 
88 
28 
88 
43 
98 
62 
27 
30 
29 
136 
101 
36 
34 
16 
32 
31 

5 
2 
3 
3 

128 
26 
28 

3 
2 

2 
3 
2 
17 
5 
6 
2 
0.2 
5 
2 

<1 

5 
<1 

yc 48 
14 

* 147 
13 * 9 
7 
6 
1 
1 

2 
4 
4 
4 
4 
3 

a 7 

- 

* - 

6 9 
6 38 
8 7 
30 - 
110 16 
24 5 
10 22 
9 2 
3 2 
3 6 
3 - 
3 6 
3 - 
18 92 
<1 8 
14 23 
5 10 
4 36 
19  29 0 
1 27 

<1 12 

1 4 
<1 <1 
59  17 
55 - 
91 29 
49 72 
29 .52 
21 46 

455 - 
2 11 
5 - 

4 25 
6 - 
4 6 
71 - 
6 11 
6 11 

- - 

- - 
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TABLE 10 (continued) 

i 

IONIZING 
COMPOUND MASS NO - -~ WAVELENGTH (2) 

- " _" ~ " a w .  - 803 __ ~~ 950 1048 1216 

Nitric Oxide 
Nitrogen  Dioxide 
Propionaldehyde 

Sulfur   Dioxide 
Toluene 

Vinyl   Chlor ide 
m-Xyl ene 

o-Xylene 

p -Xyl ene 

30 2 
46 4 
58 2 
29 1 
64 4 
92 * <1 
91 4 
62 2 

106 * 3 
91  2 

106 * 5 
91 2 

106 * 7 
9 1  4 

6 
5 
4 
7 
3 

19 
24 

3 
1 6  
10 
15 
10 
4 

30 

12  
46  
7 

17 2 

1 2  

5 
4 
8 
5 

10  
4 
8 

- 
- 

* A l l  va lues   a r e   de r ived   fo r   an   i on   acce le ra t ing   vo l t age  of 900 v o l t s .  
The corresponding mass range i s  0 t o  75 amu.  The as ter ic  i n d i c a t e s  
those  substances,   for   which  the  parent   peak l i e s  ou t s ide   t h i s   r ange ,  
and  the mass s c a l e   h a s   t o  be expanded by lower ing   the   acce le ra t ion  
vol tage .  Then, t h e   d e t e c t i o n  limits are   h igher  by a f a c t o r  of about 
two. 
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A f low  o f   n i t r i c   ox ide  was establ ished  which  provided a pre   u re  of 
10 microns of n i t r i c   o x i d e   i n   t h e   i o n  chamber, i . e .  n = 3 . 3  x 10 
molecules/cm . The i o n   c u r r e n t  measured a f te r   exposure   o f   the   ion   source  
to 1216% l i g h t  was 1 amperes ,   the   associated  photomult ipl ier  
s i g n a l  was 0.95 x 10  amperes  with  the  photomultiplier  supply  voltage set  
t o  600 v o l t s .  From the   ion   cur ren t   genera ted ,   ne   ca lcu la ted   tha t   the  
l i g h t   i n t e n s i t y   f o r   t h i s   e x p e r i m e n t  i s  7.6 x 10 photons/sec.  The r e l a t i o n  
between the   pho tomul t ip l i e r   ou tpu t   s igna l  I (PM) and t h e   l i g h t   i n t e n s i t y  
then i s  I = 8 x I (PM) f o r   t h e  employed opera t ing   condi t ions .   This  
r e l a t ionsg ip   has   been   u sed   t o   de r ive   t he   ave rage   l i gh t   i n t ens i t i e s   i nd ica t ed  
i n  Table 7 for  the  four  wavelengths  employed. 

E 
3 

-8 
% 

(b) To de t e rmine   t he   e f f i c i ency  of ion   co l l ec t ion ,   t he   e l ec t rome te r  
was f i r s t   c o n n e c t e d   t o   t h e   a u x i l i a r y   i o n   c o l l e c t o r   p r o v i d e d   i n   t h e   r e a r  of 
the  magnetic  analyzer.   For  this  measurement,   the  ion  current  generated by 
the  12168  Lyman-alpha l i n e  was i n s u f f i c i e n t ,  and the  monochromator was 
s e t   t o   t h e   c e n t r a l  image, so tha t   the   undispersed   l igh t   emi t ted   f rom  the  
dc  source was t ransmi t ted .  The acce lera , t ion   po ten t ia l  was s e t   t o  900 v o l t s ,  
no magnet ic   f ie ld  was appl ied ,  and the   r eg i s t e red   i on  beam was focused   to  
optimum i n t e n s i t y .  The cu r ren t   t hen   r eg i s t e red  was 2.8 x amperes. 
The ion  current   observed  with  the  e lectrometer   connected  to   the  ion  source 
draw-out p l a t e  was 1.5 x 10-l’   amperes  under  equivalent  conditions  (but 
wi th   the   acce le ra t ion   vo l tage   swi tched   of f ) ,  so t h a t   i n   t h i s   p a r t i c u l a r  
experiment  only 18 percent   of   the   ions  fonned  in   the  source  were  col lected 
and en tered   the  mass ana lyzer .  It should be noted,  however, t h a t   t h e s e  
experiments were  performed  toward the  end  of the  series  of  measurements.  
Since a sudden  drop  of mass s p e c t r o m e t e r   s e n s i t i v i t y  had o c c u r r e d   a t  one 
po in t   du r ing   t he   i nves t iga t ion ,  and s i n c e   t h e   s e n s i t i v i t y  loss f a c t o r  was 
approximately  f ive,  i t  appea r s   t ha t  a reasonably  complete   ion  col lect ion 
e f f i c i e n c y   c a n  be achieved. 

(c) The e l e c t r o n   m u l t i p l i e r   g a i n  was measured i n   c o n j u n c t i o n   w i t h  
the   above   exper iment .   For   th i s   purpose ,   the   e lec t ron   mul t ip l ie r  was 
suppl ied  with a t o t a l   p o t e n t i a l  of 3000 v o l t s  a magne t i c   f i e ld  was e s t a b -  
l i s h e d  and the  magnet c u r r e n t  was ad jus t ed   t o   t r ansmi t   t he  NO+ ion .  The 
o u t p u t   c u r r e n t   a t  m / e  = 30 was 4.1 x amperes By comparison  with  the 
i o n   c u r r e n t   e n t e r i n g   t h e  mass analyzer ,  2 .8  x amperes,  the  gain i s  
determined  as  G = 147000.   This   factor   includes  possible   losses   of   ions 
a t   t h e  mass a n a l y z e r   e x i t  s l i t .  For a check   on   t he   co l l ec t ion   e f f i c i ency ,  
the  monochromator g r a t i n g  was turned   back   to   the   pos i t ion   o f   the  12168, 
Lyman-alpha l i n e .  The measu red   ou tpu t   cu r ren t   i n   t h i s   ca se  was 2.7 x 10’’ 
amperes a t  m/e  = 30, from  which  one i n f e r s   a n   i o n   c u r r e n t  of  1.85 x 10- 1 7  
amperes en te r ing   t he  mass ana lyzer .   S ince   the   ion   p roduct ion   a t  t Lyman- 
a lpha   l i ne  had  been  found  above t o   y i e l d   a n   i o n   c u r r e n t   o f  1 x LO-” amperes, 
a n   i o n   c o l l e c t i o n   e f f i c i e n c y  of 18 percent  i s  aga in   i nd ica t ed .  
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G. Mixtures 
i) 1 The photo ioniza t ion  mass spectrometer  was f u r t h e r   t e s t e d   w i t h   t h e  

i i n v e s t i g a t i o n  of f i v e   g a s   m i x t u r e s   c o n t a i n i n g   a t   l e a s t   t h r e e  components. 

1 i nd iv idua l  components. The f i r s t   th ree   mix tures   conta in   vapors   which   a re  

k. \ The composition of the   inves t iga ted   mix tures  i s  given i n  Table 11. Also 
shown in   t he   t ab l e   a r e   t he   i on iza t ion   t h re sho ld   wave leng ths   fo r   t he  

m i s c i b l e   i n   l i q u i d  form.  These  mixtures were i n i t i a l l y   p r e p a r e d  by mixing /; 
b 
(I t he  ind iv idua l  components i n   t h e   d e s i r e d   r a t i o  and i n j e c t i n g  a por t ion   o f  
j t he  mix tu re   i n to  a 12 - l i t e r   f l a sk   p rev ious ly   evacua ted  and f i l l e d   w i t h  

he l ium.   Equ i l ib ra t ion   o f   t he   mix tu re   i n   t he   f l a sk  was extremely  slow  and 
s t i l l  i n c o m p l e t e   a f t e r  48 hours, so t h a t   i n j e c t i o n   p r o c e d u r e  was modified 
i n   t h a t   e a c h  component was in jec ted   separa te ly   in to   the   evacuated   sample  
f l a s k  and  helium was added  subsequently. 

The ion iz ing   wavelengthused   in   these   exper iments  were  1216  and 
10482.  The r e s u l t s   o b t a i n e d   a r e  summarized in   Tables   12   th rough 16. For 
each   mix ture ,   the   t ab les   g ive   the   sens i t iv i ty   for   the   occur r ing   ions  due 
to   t he   i nd iv idua l  components, t h e i r   p a r t i a l   p r e s s u r e s   i n   t h e   i o n   s o u r c e  
ca l cu la t ed   f rom  the   t o t a l  pressure and the   p repared   concent ra t ions ,   the  
ca l cu la t ed  sum of t h e   s i g n a l s   a t   e a c h  mass number,  and the   observed   s ig-  
nals .   General ly ,   there  i s  good agreement  between  observed and ca l cu la t ed  
i o n   s i g n a l s ,   a l t h o u g h   i n  a few cases  the  agreement i s  va l id   on ly   w i th in  
a f ac to r   o f  2. 

The ind iv idua l   mix tures  may  now be d iscussed:  

Mixture No. 1 comprises  components  which  exhibit   only  their   parent 
ion   peaks   i f   the   ion iz ing   wavelength  i s  12168, so t h a t   t h e  mass spectrum 
c o n s i s t  o f  only  four   non-interfer ing  peaks.   Accordingly,   the   analysis  
of  such a mixture i s  made convenient.  

Mixture No. 2 conta ined   the   four   s t ruc tura l   i somers   o f   the   bu ty l  
a l c o h o l s   a l l   o f  which  have d i f f e ren t   f r agmen ta t ion   pa t t e rns  and s e n s i t i -  
v i t ies   th roughout   the   inves t iga ted   wavelength   range  ( > 8 0 0 8 ) .  The wave- 
length  10488 was se lec ted   for   the   p resent   purpose ,   because   a t   th i s  wave- 
l eng th   t he  mass spectra  of  the  individual  components  are s t i l l  simple  but 
a r e   a l s o   s u f f i c i e n t l y   d i f f e r e n t i a t e d   f o r  a q u a n t i t a t i v e   a n a l y s i s .   I n   t h i s  
mixture ,   several  mass peaks  are  due  predominantly  to one  component.  Thus, 
m / e  = 56 de r ives   e s sen t i a l ly   f rom  n -bu ty l   a l coho l ,  m/e = 74 and m/e = 33 
essen t i a l ly   f rom  i so -bu ty l   a l coho l ,  m/e = 45 and m / e  = 59   e s sen t i a l ly   f rom 
t e r t - b u t y l   a l c o h o l .  The analysis   of   mixtures   containing  these compounds 
i s  t h e r e b y   f a c i l i t a t e d .  

Mixture N o .  3 c o n s i s t s  of th ree   func t iona l   i somers   which   a l so  show 
d i f f e ren t   f r agmen ta t ion   pa t t e rns  and s e n s i t i v i t i e s   a s  a func t ion  of  wave- 
length .  Two ionizing  wavelengths  were used i n   t h e   i n v e s t i g a t i o n   o f   t h i s  
mixture:  1216  and 1048w. The former  gives  mainly  the  parent  peaks, so 
t h a t   a n   e f f e c t i v e   d i s c r i m i n a t i o n  i s  not   provided,   whereas   the  la t ter   gen-  
e r a t e s   i s o l a t e d   f e a t u r e s   i n   t h e  mass s p e c t r a l   p a t t e r n s  of a l l y l   a l c o h o l  
and ace  tone. 
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TABLE  11 

COMPOSITION OF MIXTURES 

IDENTIFICATION  NO. COMPOUNDS THRESHOLD CONCENTRATION WAVELENGTH 
% (2) 

p -Xyl  ene 0.30  1462 
Toluene 0.70 1405 

B  enz  ene 0.84 1341 
Helium Balance  5 02 

n-Butyl  Alcohol 0.20  1246 
iso-Butyl  Alcohol 0.40 1252 

tert-Butyl  Alcohol 0.79 1244 
Helium Balance 502 

Allyl  Alcohol 1.10  1279 
Proprionaldehyde 1.04  1242 
Acetone 2.50  1279 
Helium Balance 502 

f 1 1,4  Dioxane 0.44 1358 

# 2  sec-Butyl  Alcohol  0.81  1259 

I 3 

~~ ~ ~~ ~ ~~ -~ - ~~ ~ ~~ 

Ethylene  Dichloride 1.30  1114 
Methylene  Dichloride 1.25  109  2 
Benzene 0.91  1341 
Carbon  Disulfide 1.32  1230 

Acetone 1.36  1279 
Hydrogen  Sulfide 2.5  1185 
Nitric  Oxide 1.85  1340 
Air Balance  1027 

Ethylene  Dichloride 1.30  1114 
Methylene  Dichloride 1.25 1092 
Benzene 0.91  1341 
Carbon  Disulfide 1.32  1230 
Vinyl  Chloride 1.90  1239 
Acetone 1.36  1279 
Hydrogen  Sulfide 1.85  1185 
Air Balance  1027 

#4 Vinyl  Chloride  1.45  1239 

# 5 
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TABLE 12 

I N D I V I D U A L  COMPONENT P E A K   S E N S I T I V I T I E S  s , 
I O N  SOURCE PARTIAL  PRESSURE p ,  AND CORRES- 
PONDING  SIGNAL CURRENTS FOR MIXTURE NO. 1, 

I O N I Z I N G  WAVELENGTH 12168 

m/ e 
Individual Component 

Peak Sensitivities (s) , amps/torr 
Sum of ion currents 

C ( s  x PI, amps 

p-xylene toluene p-dioxane  benzene  Calculated  Observed 
I 

106 1.43 x lom7 3.43 x 10-l~ 1.50 x 10-l~ 

92 

I 
I 88 

1.32 x 

4.53 x 

7.38 x 6.60 x 10-l~ 

1.59 x 10 -I3 1.50 x 

I 
' 78 9.05 x 6.07 x 7.80 x 10 -1: 

p(torr)  2.4 x 5.6 x 3.5 x 6.7 x 



TABLE 13 

INDIVIDUAL  COMPONENT  PEAK  SENSITIVITIES s, 
ION  SOURCE  PARTIAL  PRESSURE p y  AND  CORRES- + 

PONDING  SIGNAL  CURRENTS FOR MIXTURE NO. 2 ,  
IONIZING  WAVELENGTH 10482 

I 
Individual Component 

ml e Peak  Sensitivities (s), amps/ torr 
Sum of ion  currents 

C(s  x P>Y  amps 

n-butyl  iso-butyl  sec-butyl  tert-butyl  Calculated Observed 

74  3.28 x 1.41 x 1 .12  x - 1.01 x 10- l~  1.26 x 10-l~ 

59 - - 1.19 x 1.09 x 1.34 x 1.33 x 

57 2.27 x 3.90 x lo-' 6.90 x lo-'' 3.80 x lo-' 7.81 x 10 -I4 7.20 x 10 
- 14 

56  5.55 x 4.70 x lo-' 6.90 x lo-" - 1.90 x 2.10 x 10-l~ 

- 13 
45 - - 3.23 x - 3.66 x 8.55 x 10 

44 - 1.20  x 1 . 2 0  x - 1.43 x 10 3.06 x 10 
- 13 - 13 

43 2.27 x 9.40 x - - 5.90 x 10 -I4 6.90 x 

33  2.27 x 3.10 x - - 1.80 x 2.52 x 10-l~ 

p(torr) 2.8 x 5.6 x 1.13 x 1.11 x 



TABLE 14 

INDIVIDUAL  COMPONENT  PEAK  SENSITIVITIES s, 
ION  SOURCE  PARTIAL  PRESSURE  p, AND CORRES- 
PONDING  SIGNAL  CURRENTS FOR MIXTURE  NO. 3 , 

IONIZING  WAVELENGTH 121d 

Individual  Component Sum of ion  currents 
m/  e  Peak  Sensitivities (s) , amps/  torr C ( S  x p) , amps 

allyl  alcohol  propionaldehyde  acetone  Calculated  Observed 
- ~~~~~ ~ 

59 5.68 x 2.89 x LOm8 2.00 x 5.62 x 10-l~ 9.00 x 

58 1.50 x 5.71 x 5.40 x 1.37 x 10"' 1.29 x 

57 2.39 x lom8 

.p (torr) 7.15 x 6.76 x 1.63 x 

1.71 x 1.80 x 10-l~ 

MIXTURE NO. 3, IONIZING  WAVELENGTH 1048X 

m/  e 
Individual  Component 

Peak  Sensitivities (s) , amps/  torr 
allyl  alcohol  propionaldehyde  acetone  Calculated  Observed 

, 59 4.85 x 

7.57 x 

2.31 x 

-7 
2.77 x 10 

6.00 x 10 
-9 

2.66 x 3.30 x 

1.43 x 4.35 x 3.97 x 10 -12 



TABLE 14 (cont inued)  

I n d i v i d u a l  Component 
P e a k   S e n s i t i v i t i e s  ( s ) ,  amps/ torr  

Sum of i o n   c u r r e n t s  
C ( S  x PI, amps 

a l l y l   a l c o h o l   p r o p i o n a l d e h y d e   a c e t o n e  Ca lcu la ted Observed 
" ~ _  

57 2.55 x 4.21 x 8.00 x lo-' 2.06 x 1.40 x 10 
-12 i 

I 

43 

40 

30 

29 

- 

1.00 x 

4.34 x 

6.97 x 1.56 x 

I 

4.80 x 7.20 x 10 -13 7.20 x 1 0 - l ~  

- 6.60 x 5.40 x 1 0 - l ~  

- 2.86 x 10 2.61 x 10 - 13 -13 

. . .. . .  ., " ~~ 

- 1.43 x 4.50 9 10 -14 ,  

28 6.06 x - - 4.01 x 10 -14  3.60 x 10-141 

(torr) 6.6 x loW6 6.24 x 1.5 x 



TABLE 15 

INDIVIDUAL COMPONENT PEAK SENSITIVITIES, AND CORRESPONDING SIGNAL CURRENTS FOR 
MIXTURE NO. 4 AND NO. 5, I O N I Z I N G  WAVELENGTH 12 16X 

Individual  Component 
Peak S e n s i t i v i t i e s  (s) ,  amps/torr 

m/e Z(s x  P), amps 

6H6 cs2 Vinyl  Acetone Mixture 414 Mixture 115 

Chloride No Calculated Observed Calculated Observed 

-12 78  0.97-7 - - - 1. 95-12 1.8 .2 1-12 2 .  0-l2 

2 .4-7 - - - 7 .  0O-l2 0. 9-12 8. 0O’l2 7.5 
- 12 

- 2 .  15-8 - - 6. 5.3-13 1. 03-12 1 .2  - 12 

- 2 . 1 5 ’  - - 6. 5.5-14 1 . 0 3 - ~ ~  1. 1-13 

- 7.2 -8 - - 2 .  30’12 2 .  1-12 3.42 3.5-12 

- - 1 . 5 6 - ~  - 4 . 7 0 ” ~ ~  4 .  o-13 5.  33-13 5. o-13 

- - - 1. 56-7 5. * - - 

* 
Not detected 

p = par t i a l   p re s su re  of component in   the  ion  source 

Total   ion  source  pressure 
was 2 . 2 ~  for  Mixture 414 

was 2 . 5 ~   f o r  Mixture #5 

Superscr ipts   indicate  powers of t en ;  e.g. 0.97 = 0.97 x 10 . -7 -7 



TABLE 16 

INDIVIDUAL COMPONENT PEAK SENSITIVITIES, AND CORRESPONDING SIGNAL CURRENTS  FOR 
MIXTURE NO.  4 AND NO. 5, I O N I Z I N G  WAVELENGTH 10482 

Indiv idua l  Component 
mle Peak S e n s i t i v i t i e s  (s) ,  amp/torr 

Sum of ion  currents,  C ( s  x p) ,  amps 

Mixture #I Mixture  85 
Eth C J 2  Meth C.12 C6H6 CS2 Vinyl C& Acetone H2 NO Calculated  Observed  Calculated  Observed 

102 1.5-l’ - - - - - - - 4.3-15 8-15  4. 9-15 6.5 - 15 

100 1.10-~  

98 1.48-’ 

88 - 
86 - 
84 - 
78 - 
76 - 
64 8.0-l’ 

63  2.68-l’ 

62 1. go-’ 

58 - 
43 - 
34 - 
30 - 

6-14 

10 - l4 

4.5-14 

3. 9-13 

2 .  9-13 

1 .15-’~ 

0.  5-11 

4.5 

7 .5  

1. 35-12 

7 .O 

- 13 

- 14 

- 13 

1, 5-13 
* 

3.6 

4. 8-14 

6 .1  

3. 6-13 

5. 6-13 

1.28-12 

4. 0-l1 

- 14 

- 14 

7 .  5-13 

7 .  8-14 

2 . 7  - 12 

9.2 - 13 

2.  d 3  

8 .  1-13 

4.5-14 

5. 5-14 

6.0 - 14 

3.2’13 

5. 1-13 

1. 3-12 

3.5-11 

8 .  o-I3 

6.0 - 14 

2.8-‘* 

io .  5-13 

2.  4-13 

8.  5-13 
- 

* 
Not de tec ted ,  p = p a r t i a l   p r e s s u r e  of  component in   the   ion   source .  

Total   ion  source  pressure 
was 2.2 p for   t l ix ture  #4 

was  2.511 for  Mixture #5 
Superscr ip ts   ind ica te  powers of t e n ;  e .g.  1.5-l’ = 1.5 x 10 - 10 , 



Mixtures No. 4 and 5 are   a lmost   ident ica l   except   tha t   mix ture  No. 4 
conta ins   n i t r ic   ox ide   whereas   mix ture  No. 5 does  not.  These  mixtures 
c o n t a i n   a i r   a s  a ca r r i e r   gas ,   wh ich   r eac t s   w i th  NO to   fo rm NO2 so t h a t  

components i n   t h e   m i x t u r e s .  A t  the   end  of   the  equi l ibrat ion  per iod,  
\ their   comparison  provided a tes t  f o r   t h e   r e a c t i v i t y  of NO-N02 w i th   o the r  

'? mixture No. 4 was found t o  h a v e   l o s t  i t s  brownish  color due t o  NO2. I n  
;. addi t ion ,  some c rys t a l l i ne   p roduc t s   appea red   t o   have   depos i t ed  on the  

wal ls .   Evident ly ,  a r e a c t i o n  had occurred  between NO2 and some of t he  
o t h e r  components. In   mix tu re  No. 5, no r e a c t i o n  was apparent .  The 
occurrence of a r e a c t i o n  i s  demonstrated more q u a n t i t a t i v e l y  by the  
r e s u l t s  shown i n   T a b l e s  15 and 16.  In   mixture  No. 4 ,  n i t r i c   o x i d e  and 
hydrogen  sulf ide  could  not  be recovered .   In   addi t ion ,  a loss   occur red  
for   carbon  disulf ide,   whereas   the  other   components  were e s s e n t i a l l y  
una f fec t ed .   In   t he   mix tu re   no t   con ta in ing  NO, the   hydrogen  sulf ide and 
the   carbon  d i su l f ide   could  be completely  recovered. It i s  p o s s i b l e   t h a t  
t h e   r e a c t i o n   d o e s   n o t   d i r e c t l y   i n v o l v e   n i t r o g e n   d i o x i d e   o r   n i t r i c   o x i d e  
on  one  hand,  and  hydrogen s u l f i d e  and c a r b o n . d i s u l f i d e  on the  other ,   but  
t h a t   t h e   r e a c t i o n  i s  ca ta lyzed  by mois ture   in t roduced   wi th   the   a i r .  No 
attempts  have  been made t o   i n v e s t i g a t e   t h i s   p o i n t .  

Again i t  can  be  noted  that  the  use  of two ionizing  wavelengths ,  1216 
and 1048a, al lows a complete   separat ion  of   the mass spec t rometer   s igna ls  
a t   t h e   v a r i o u s  mass numbers. 

From the   da t a   p re sen t   he re ,  i t  i s  concluded  that   the   major i ty  of the  
observed  peak  heights   are   within 20 percent   of   the   calculated  ones.  
Because  of u n c e r t a i n t i e s   i n   t h e  sample   p repa ra t ions ,   s ens i t i v i t i e s  were 
r ede te rmined   w i th   t he   f i r s t   t h ree   mix tu res  on the  same day,  and  these  were 
used i n   t h e   t a b l e s .   N e v e r t h e l e s s ,   i n  some cases   the   observed   s igna l  
s t r eng th   d i f f e red   f rom  the   ca l cu la t ed  one by a f a c t o r  of  two. Thus, i t  
a p p e a r s   t h a t   t h e   e r r o r s   a r e  due  mainly t o   t h e   u n c e r t a i n t i e s   i n   p r e p a r i n g  
the  samples ,   individual ly  and in   mix tu res .  
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IV. CONCLUSIONS 

. A. A p p l i c a t i o n   t o  Trace Gas Analysis  

The r e s u l t s   p r e s e n t e d   i n   t h e   p r e c e d i n g   s e c t i o n s   i n d i c a t e   q u i t e   g e n e r -  
a l ly   the   exce l len t   per formance   of   , the   photo ioniza t ion  mass spectrometer  
when app l i ed   t o   gas   ana lys i s .  The d e r i v e d   s e n s i t i v i t i e s  and   de tec t ion  
limits are i n   a c c o r d   w i t h   t h e   e x p e c t a t i o n   t h a t   f o r   i o n   s o u r c e   p r e s s u r e s   o f  
about 1 micron,   gas   concentrat ions  of   the  order   of  10 ppm can  be  detected 
by the   regular   scanning   of   the  mass spectrum.  For-'inany  organic  vapors  the 
a n a l y t i c a l   c a p a b i l i t y  is  even   be t t e r ,   p rov id ing   de t ec t ion  limits around 
1 ppm. However, a l t h o u g h   t h i s   c a p a b i l i t y  meets t h e  demands of many analy-  
t i c a l  a p p l i c a t i o n s ,  i t  s t i l l  is  i n s u f f i c i e n t   f o r   t h e   d i r e c t   a n a l y s i s   o f  
trace gas  contaminants  which  requires a d e t e c t i o n  l i m i t  o f   equa l   o r  less 
t h a n   0 - 1  ppm. The ques t ion ,   t he re fo re ,  i s  whether   the   photo ioniza t ion  
mass spectrometer   technique  provides  room for  ' further  development.   This 
a spec t  w i l l  now be   d i scussed .   In   Sec t ion  111, it was shown t h a t   t h e   d e -  
t e c t i o n  limit depends   on   t he   t h ree   f ac to r s :   s ens i t i v i ty ,   i on   sou rce   p re s -  
s u r e ,  and  background  noise  level. Any improvement should  then  be  concerned 
w i t h   t h e s e   q u a n t i t i e s .  

The s e n s i t i v i t y   i n c r e a s e s   w i t h   t h e   g a i n   o f   t h e   e l e c t r o n   m u l t i p l i e r  
a n d   t h e   l i g h t   i n t e n s i t y .  The g a i n   o f   t h e   e l e c t r o n   m u l t i p l i e r   c a n   b e   i n -  
creased  by  perhaps a f a c t o r  of   10 ,   bu t   wi th   the   p resent  mode of d i r e c t  
cur ren t   readout   th i s   measure  would n o t   r e a l l y   r e s u l t   i n   a n  improvement 
because  the  dark  current   and  thus  the  noise  level would a l s o   i n c r e a s e .  An 
improvement i n   s i g n a l   t o   n o i s e   r a t i o  must  be a t t a i n e d  by o the r  methods 
which w i l l  be  discussed  further  below. The l i g h t   i n t e n s i t y   c a n   b e   i n c r e a s e d  
i f  t h e  monochromator is  operated  with  wider  s l i t s  and  correspondingly  lower 
s p e c t r a l   r e s o l u t i o n .  It i s  e s t i m a t e d   t h a t  a ga in   by  a f a c t o r  of 5 i n   l i g h t  
i n t e n s i t y   c a n   b e   a c h i e v e d   i n   t h i s  manner. The o p t i c a l   r e s o l u t i o n  w i l l  be 
about 50R f u l l   w i d t h ,  compared wi th  78 under  present  conditions.   Adverse 
e f f e c t s  by t h e   p o o r e r   s p e c t r a l   r e s o l u t i o n  are n o t   a n t i c i p a t e d .   I n   a d d i t i o n  
to   working   wi th   wider   op t ica l  Sli ts ,  one  can  improve  on  the  transmission 
of the  monochromator  by reducing   the   as t igmat i sm  involved   wi th   spher ica l  
g r a t i n g s .  Use of a t o r o i d a l   g r a t i n g   i n s t e a d   o f   t h e  common concave  grat ing 
w i l l  provide  near ly   s t igmatic   focusing.  The r e s u l t i n g   g a i n   i n   l i g h t   t r a n s -  
mission i s  about a f a c t o r   o f  5 ,  as Schgnheit  (Ref.  13)  has shown. Together 
wi th   the   increased  s l i t  wid th ,   t he   ga in   f ac to r   o f   l i gh t   i n t ens i ty   ach ieved  
i n   t h i s  manner w i l l  be  about 20. Toro ida l   g ra t ings  are much more d i f f i c u l t  
t o   manufac tu re   t han   t he   s imp le r   sphe r i ca l   r e f l ec t ion   g ra t ings  and t h e  
a s soc ia t ed   cos t  is  cor respondingly   g rea te r .  

The ion   source   p ressure   chosen   in   der iv ing   the   de tec t ion  limits shown 
in   Tab le  10 was 1 micron .   In   d i scuss ing   de tec t ion  limits, it  has  been 
n o t e d   t h a t   h i g h e r   i o n   s o u r c e   p r e s s u r e s   c a n   b e   u t i l i z e d   f o r   t h e   a n a l y s i s  
of trace gases ,  so  long as ion iza t ion   o f   t he   p r inc ipa l   gaseous  component 
does  not  cause  any  secondary  interactions.  While t h i s   p o s s i b i l i t y   h a s   n o t  
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b e e n   i n v e s t i g a t e d   i n   t h e   p r e s e n t   s t u d y ,  it appears   tha t   secondary   ion  
i n t e r a c t i o n  i s  e s s e n t i a l l y   n e g l i g i b l e  a t  pressures   up  t o  10 microns i n  
most cases. According.ly,. i t  w i l l  be   poss ib l e   t o   dec rease   t he   de t ec t ion  
l i m i t  by a f ac to r   o f   10 ,   i f   an   i on   sou rce   p re s su re   o f   10   mic rons  i s  used. 
Toge the r   w i th   t he   above   i nd ica t ed   i nc rease   i n   l i gh t   i n t ens i ty ,   t he   capa -  
b i l i t y  of   the   photo ioniza t ion  mass spectrometer  w i l l  be  improved  by a 
f ac to r   o f  200, so t h a t   t h e   d e t e c t i o n  l i m i t  is lowered t o   e q u a l   o r  less 
than   0 .1  ppm. It should  be  noted  that   such  an improvement i s  achieved 
wi thout   the   use   o f   p reconcent ra t ion   p rocedures .  

Additional  improvements are f e a s i b l e ,   i f   t h e   s i g n a l   t o   n o i s e   r a t i o  
o f   t h e   e l e c t r o n   m u l t i p l i e r   o u t p u t   s i g n a l   c a n   b e  improved. One technique 
descr ibsd   p rev ious ly ,  makes use   o f   synchronous   de tec t ion   in   conjunct ion  
wi th   t he   spa rk   l i gh t   sou rce .   Ga t ing   t he   e l ec t ron   mu l t ip l i e r   ou tpu t   t o  
t ransmi t   cur ren t   on ly   dur ing   the  arrival of   the   ion   pu lse   bu t ,   no t   dur ing  
the   o f f -per iods  w i l l  increase   the   s igna l - to-noise   ra t io   by  a f ac to r   o f  
1000.   This   technique  would  s ignif icant ly   reduce  the  noise   associated  with 
the   spa rk   l i gh t   sou rce ,   bu t  would not   be   appl icable   wi th   the  dc source.  
I n   t h a t  case, pulse   count ing  techniques may provide some r e d u c t i o n   i n   t h e  
no i se  level. 

I n  summary, t he   d i scuss ion   g iven   he re   i nd ica t e s   t ha t   fu r the r   i n s t ru -  
mental  improvements are a v a i l a b l e   t o   e n a b l e   t h e   a p p l i c a t i o n  of  photoioni- 
z a t i o n  mass spec t romet ry   t o   t r ace   gas   ana lys i s .  

B. Appl ica t ion   to   the   Analys is  of 
Spacecraft  Cabin  Atmospheres 

It has  been  suggested  and  discussed  previously  (Ref. 2) tha t   photo-  
i o n i z a t i o n  mass spectrometry  might serve as a su i tab le   t echnique   for  
monitor ing  the  const i tuents   of   cabin  a tmospheres   during  long  range  space 
f l i g h t .   T h i s   a p p l i c a t i o n  i s  made a t t r a c t i v e  by t h e   n a t u r a l   a v a i l a b i l i t y  
of s o l a r  uv r a d i a t i o n  as the  photoionizing  agent ,  s o  t h a t   t h e  power re-  
qu i r emen t s   fo r   i on iza t ion  are minimized. To eva lua te   t h i s   concep t   t he  
fo l lowing   cons idera t ions  are p e r t i n e n t .  

The ion   de t ec to r  would b e   a n   e l e c t r o n   m u l t i p l i e r   o p e r a t e d   i n   t h e  
count ing mode t o   a c h i e v e  a minimum noise  level. I f   an ' accu racy   o f   10  
percent  is  des i r ed ,   t he  minimum number o f   coun t s   r equ i r ed   t o   ob ta in   t h i s  
accuracy i s  1 0 0   c o u n t s .   I f   f u r t h e r   t h e   e f f i c i e n c y  of t h e   d e t e c t o r  i s  
such   tha t   every   ion   genera tes   one   pu lse ,  and the   count ing  time fo r   each  
s i g n i f i c a n t   i o n  is  100 seconds;  the minimum ion   f l ux   r equ i r ed  as 1 ion/sec .  
The background  would  be less than   one- ten th   o f   tha t   va lue .  

The mass analyzer   can  be  of   l ight   weight   with a minimum of power 
consumption.  Quadrupole  or  monopole  analyzers would provide  favorable   ion 
t r a n s m i s s i o n   c o e f f i c i e n t s .  A t ransmiss ion   coef f ic ien t   o f  33 percent   pro-  
bably i s  f e a s i b l e .  Hence, t h e  minimum number of   ions   to   be   genera ted  and 
d i r e c t e d   i n t o   t h e   a n a l y z e r  i s  3 ions /sec .  

." .-  
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Table   17   g ives  a compi l a t ion   o f   so l a r   f l ux   da t a  for the  796 t o  13252 
. 

wavelength  region.  This i s  the  wavelength  range  which  in   the  present  
s tudy   has   been   found   op t ima l ly   su i t ed   fo r   pho to ion iza t ion  mass spectrometry.  
I n   t h e   r e g i o n  800 t o  890Q, which  ionizes  CO b u t   n o t   n i t r o g e n ,   t h e   s o l a r  
f l u x  i s  8 .7  x lo9  photons/cm2 sec a t  a d i s t a n c e  of 1 as t ronomica l   un i t .  The 
t o t a l   u s a b l e   s o l a r   i o n i z i n g   r a d i a t i o n   i n   t h e   r e g i o n  800 t o  12208 is 3.35 x 
10l1  photons/cm2 sec, of  which  2.7 x 10l1 r e s i d e s   i n   t h e   h y d r o g e n  Lyman- 
a l p h a   l i n e .  While the  longer  wavelengths may b e   u s e f u l   f o r   t h e   i o n i z a t i o n  
of many organic  trace molecules ,   not  a l l  the  gaseous  components w i l l  be 
i o   i z e d  by i t .  It is use fu l ,   t he re fo re ,   t o   cons ide r   t h ree   va lues :   8 .7  x 
10 ff photons/cm2 sec f o r  CO, 2.6 x 1O1O photons/cm2 sec f o r  a l l  molecules 
ha   i ng   an   i on iza t ion   po ten t i a l   g rea t e r   t han  1 2  e V  and  3.3 x 10l1  photons/ 
cm' s ec   fo r   mo lecu le s   w i th   l ower   i on iza t ion   po ten t i a l s .  

The ion  source  can  be assumed t o   c o n s i s t  of a box wi th   ape r tu re s   fo r  
the   en t rance  of r a d i a t i o n  and  withdrawal  of  ions.  The present   s tudy   has  
shown that   wi th  ion  source  dimensions  of   the  order   of  1 cm a reasonably 
complete   col lect ion  and  withdrawal   of   ions formed ins ide   the   Source   can  
be   ach ieved   th rough  the   appl ica t ion   of   appropr ia te  e lec t r ic  f i e l d s .  A 
r easonab le   s i ze   o f   t he   r ad ia t ion   en t r ance   ape r tu re  i s  0.6 c m  diameter 
cor responding   to   an  area of 0.28 cm2. The s o l a r   f l u x   e n t e r i n g   t h e   S o u r c e  
i s ,  accord ingly ,  2.4 x lo9 photons/sec  for   the  wavelength  region 800 t o  
8908,and  7.3 X logand  9.3 x 1010 photons /sec ,   respec t ive ly ,   for   the   o ther  two 
wavelength  regions  c i ted  above.   Comparison  with  l ight   intensi t ies   and NO 
s e n s i t i v i t i e s   g i v e n   i n   T a b l e  7 i n d i c a t e s ,   t h a t   f o r   n i t r i c   o x i d e   t h e   i o n  
cur ren ts   genera ted  are 2, 6 ,  and  80 ions / sec   r e spec t ive ly ,  if t h e   t o t a l  
ion  Source  pressure i s  10  microns  and  the  concentration of NO i s  1 ppm. 
Since  Table 6 i n d i c a t e s   t h a t   t h e   s e n s i t i v i t i e s   f o r  most  substances are 
comparable  with  those  for NO, similar ion  product ion rates are expected 
fo r   t he   o the r   subs t ances .   I f   t he   t r ansmiss ion  of the mass analyzer  i s  
33  percent  and a near ly   comple te   co l lec t ion   of   photo ions  is r e a l i z e d ,  
t he  number of i o n s   a r r i v i n g  a t  the   e lec t ron   mul t ip l ie r   and   be ing   counted  
i n  a 100-sec time i n t e r v a l  i s  66,200,  and 2,700, r e s p e c t i v e l y ,   f o r   t h e  
wavelength  regions  indicated  above. The corresponding  lower limit con- 
centrations  which  can  be  measured  with  10-percent  accuracy are 1 .5 ,   0 .5  
and  0.035 ppm. 

F o r   h i g h e r   s e n s i t i v i t i e s ,   t h e   l i g h t   g a t h e r i n g  power must be increased  
and a focusing  system  must  be  used.  Therefore,  consider a te lescope  
sys tem  to  image the  sun  onto  the  ion  source  aper ture .  The angular  diameter 
of   the  sun i s a  = 0.5 degrees   1/120  radian.  The foca l   l eng th  of t he  
te lescope   requi red   for   the   re - imaging   process  i s  f = D,& where D = 0.6  cm 
i s  the  diameter   of   the   ion  source  aper ture .  Then f = 0.6  x 120 = 72 cm.  
The maximum c o l l e c t i o n   a p e r t u r e   t h a t   c a n   b e  accommodated  by the  system 
i s  determined  by  the  geometry  of  the  ion  source.   This  quantity may be 
est imated  by  the  expression A = fe, where 8 i s  t h e  maximum divergence 
angle   permit ted by t h e   s i z e  of the   ion   source .  It can  be assumed t h a t  
8 = 0.5   rad ian   ( f /2   a r rangement )  so  t h a t  A = 36 cm. The area of a mirror  
of t h i s   s i z e  i s  approximately 1 x lo3 c m  . The inc rease  of  'Light  gathering 2 
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TABLE 17 

INTENSITIES IN SOLAR XUV-SPECTRUM 
AT  A  DISTANCE  OF 1 A.U.  (AFTER  HINTEREGGER) 

. . " . . . . . . . .! """"-2"". ~ . ~ x ' . . ' - .- _ _ - ~  "- 

WAVELENGTH OR RANGE  IDENTIFICATION  INTENSITIES 
9  2 

(El) 1 0  photons/cm  sec 

1325-1275 
1275-1220 

1215.7 
1206.5 

1220-1200 
1200-  1180 

1175.7 
1180-1130 
1130-1090 

1085.7 

1037.6 
1031.9 

1090-1040 

1040-1027 

H Ly-CX 
SiIII 
excl. H Ly-a, SiIII 

CIII 
excluding  CIII 

NII 
excluding  NII 
0 VI 
0 VI 
excluding 0 VI 

11.8 
26 

27 0 
4.3 
7.4 
5.5 
2.5 
5.8 
4.4 
0.48 
4.2 
1.33 
1.89 
0.69 

1325-1027 total 350 
~~ 

1025.7 
991.5 

1027-  990 
977.0 
972.5 

990-  950 
949.7 
937.8 

950-  920 
920-  911 

- "" 

1027- 911  

~~ 

H Ly-P 
NIII 
excl. H Ly-p, NIII 
cIIi 
H Ly-Y 
excl. CIII, H Ly-Y 
H Ly-6 
H Ly-€ 
excl. H Ly-6, E 

2.3 
0.33 
2.4 
4.0 
0.55 
0.97 
0.25 
0.17 

1.25 
1.07 

. ~- -~ ." ~~ - ~ .~ 

911-  890 H Ly-continuum 4.0 
890-  860 H Ly-cont  inuum 4.2 
860-  840 H Ly-continuum 2.0 
835- 832 011, I11 0.54 
840-  810 excluding 011, I11 2.0 
810-  796 0.7 

911-  796 
~~ ~ 

13.4 

63 



power.over t3at o f - t h e '  szmple 0.6 c m  d iameter   aper ture  i s  3600, but   on ly  
a por t ion   o f  it is  u s a b l e   b e c a u s e   r e f l e c t i v i t i e s   o f   m i r r o r s   i n   t h e  vacuum 
u l t r a v i o l e t   r e g i o n  are poor. Optimum r e f l e c t i v i t i e s  are achieved  by  coat ing 
the   mi r ro r   w i th  a lOOa l a y e r  o f   p l a t i n u m .   T h i s   r e s u l t s   i n  a r e f l e c t i o n   o f  
about   15   percent   o f   the   inc ident   l igh t .   Thus ,   the   l igh t   ga ther ing  power 
w i l l  be   g rea t e r   by  a f a c t o r  of  only 400 t o  500. Never the l e s s ,   t h i s   a r r ange -  
ment w i l l  l e a d   t o  a photon  f lux  of 1 x 10 l2   pho tons / sec   fo r   t he  800 t o  890w 
wavelength  region, 3 x 1013 photons /sec   for   the  800 to   12203  wavelength 
region.  The corresponding  l imiting  concentrations  which  can  be  measured 
wi th   10-percent   accuracy  are 4 x 1 . 2  x and 1 x ppm, respec-  
t i v e l y .  

Since  the  above  considerat ions do not   inc lude   the   use   o f  a monochro- 
mator ,   the   wavelength  regions  involved  have t.0 be   i so la ted  by f i l t e r s .  
Specif ical ly ,   the   wavelength  region  below 800R has  to   be  completely  blocked,  
s o   t h a t  CO can  be  detected a t  m / e  = 2 8  wi thou t   t he   i n t e r f e rence  of  nitrogen. 
Some s u i t a b l e   f i l t e r s   e x i s t .  For  example,  the  region  below l O O O R  can  be  ex-  
cluded by a L i F   f i l t e r .   T h e r e  are a l s o   f i l t e r s   a v a i l a b l e   f o r   b l o c k i n g   t h e  
wavelength  region  below 8002, and  these  have  been  discussed  previously 
(Ref. 3 ,  5 ) .   N e v e r t h e l e s s ,   t h e   p r o d u c t i o n   o f   s u i t a b l e   f i l t e r s   c o n s t i t u t e s  
an   impor tan t   t echnologica l   p roblem  in   the   explo i ta t ion   o f   th i s   sys tem.  

Other  problem areas which  should  be  given  due  considerat ion  in  a 
de ta i led   sys tems  s tudy  are: dep le t ion  of  cabin  atmosphere  by  gas  flux 
through  the mass spectrometer,  background  and memory e f f e c t s ,   i n f l u e n c e  
of  the  major  gaseous component 02, su i tab le   op t ica l   components ,   the i r  
degradat ion,  mass spectral  p a t t e r n s  and i n t e r f e r e n c e ,   e f f i c i e n t   u s e  of 
mass peaks a t  var ious  m / e  v a l u e s   t o   d e r i v e  trace gas   composi t ion,   s ignal  
process ing ,   in format ion   s torage ,   readout ,   e tc .   Clear ly ,  a d e t a i l e d  
assessment   of   these aspects i s  not   wi th in   the   scope   of   th i s   repor t .  
However, even  the  prel iminary  ideas  and d i s c u s s i o n   p r e s e n t e d   i n   t h i s  
s e c t i o n   i n d i c a t e   t h e   b a s i c   f e a s i b i l i t y  of t he   app l i ca t ion   o f   pho to ion i -  
z a t i o n  mass spec t romet ry   t o   t r ace   gas   ana lys i s  of  space  cabin  atmospheres. 
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